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The air-water interface is the largest interface in the environment. Atmospheric droplets, 
such as fog, which can have an exceptionally high surface area-to-volume ratio, also have a large 
range of physical and chemical properties (e.g. temperature, pH, ionic strength, and chemical 
composition) based on location, time of day, and emission source. Unlike larger atmospheric 
droplets, which are predominately characterized by bulk aqueous phase conditions, reactions that 
take place in fog droplets are determined by both the bulk-aqueous phase and the air-water 
interface due to a high surface area-to-volume ratio. In order to have a greater understanding of 
atmospheric processes and the fate of environmental pollutants (e.g. benzene and other carbonyl 
compounds) in fog droplets, both laboratory and field studies are necessary. 
The reaction of benzene, a common primary atmospheric pollutant, with the hydroxyl 
radical, was studied in both a bulk-phase reactor and a thin film flow-tube reactor as a laboratory 
study. For both reactor systems, temperature, pH, ionic strength, and the concentration of oxygen 
were varied to simulate fog event conditions. Using the thin-film reactor, in particular, has the 
advantage in that the effect of both bulk and surface conditions on this model reaction can be 
obtained by adjusting the liquid volume over a given surface area inside the reactor. 
 Volatile organic compounds (VOCs), like benzene, can also degrade in the environment 
by oxidation to form carbonyl compounds, which, like benzene, are also ubiquitous air, cloud, 
and fog water pollutants. Furthermore, they also form secondary organic aerosol (SOA) and are 
precursors to photochemical smog. In order to better understand fog/smog processes and 
characterization, fog water samples, collected in Baton Rouge, LA, were analyzed for aldehydes 
and ketones with a method adapted from U.S. EPA Method 8315A. By using a manual injection 
online concentration system, all liquid-liquid extraction and concentration steps from the original 
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method were eliminated and the required sample volume was reduced. Doing so also shortened 





1.1 Atmospheric Waters 
Atmospheric hydrometeors, such as fog, cloud droplets, rain, snow, and aerosols, are 
multifaceted media where complex chemistry can occur.1 These hydrometeors vary in size and 
atmospheric lifetime, spanning from 1-10 µm and 3 hours for fog droplets and 102-103 µm and 
15 minutes for rain droplets, respectively.1 Atmospheric waters can also differ in pH and ionic 
strength. The ranges of ionic strength and pH for various atmospheric water sources are shown in 
Table 1. 
Table 1a: Ionic strength and pH in various atmospheric waters.2-19 
Type of Solution Ionic Strength 
(eq·L-1) 
pH 
Seawater 0.7 7.5-8.5 
Lake Water (1-8)×10-4 4.2-8.5 
Rainwater 2×10-4 4.3-5.6 
Fog Water (1.1-78)×10-3 2.4-7.2 
Cloud Water (9-12)×10-4 2.3-7.2 
 Although fog particles are small, their innate large quantity provides a high specific 
surface area, thus creating a potentially active reaction medium.1 The small size complicates the 
overall chemistry in that the reactions that take place on these particles are determined by both 
bulk and interfacial conditions, whereas larger droplets (e.g., raindrops) would be predominately 
affected by bulk phase conditions. As shown in Table 1, fog is also a complex medium, which, 
                                                 
a Table 1 previously appeared in: Heath, A.A., Ehrenhauser, F.S., Valsaraj, K.T., “Effects of temperature, oxygen 
level, ionic strength, and pH on the reaction of benzene with hydroxyl radicals in aqueous atmospheric systems.” 
Journal of Environmental Chemical Engineering, 2013, 1, 822-830. It is reprinted with permission of Elsevier in the 
format Thesis/Dissertation via Copyright Clearance Center, as shown in the permission letter in Appendix F. 
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depending on location, time of day, or air mass source, can show a large range in both ionic 
strength (1.1-78×10-3 eq·L-1)5-8 and pH (2.4-7.2).5-9 
On the local level, fog is generally an inconvenience, especially during severe events, as 
it causes visibility issues that lead to traffic and flight delays. A fog event occurs when water 
condenses on submicron particles, known as cloud condensation nuclei (CCN), and when, 
simultaneously, soluble gases and non-nucleated particles are absorbed. Thus, dust or some kind 
of air pollutant must be present for a fog event to occur. Moreover, a fog event can appear more 
quickly or at slightly lower relative humidity levels (<95%) if the environmental conditions are 
especially polluted. Volatile organic compounds (VOCs) can partition into the liquid phase of the 
fog droplets and transform into more harmful compounds by reacting with free radicals (e.g. the 
hydroxyl radical). These new products generally have higher molecular weights and lower vapor 
pressures, which consequently leads to the production of secondary organic aerosol (SOA) in the 
liquid phase. SOA can then be redistributed into the gas and solid phases.20,21 The new SOA are 
also effective CCN and lead to further fog formation, thus creating the so-called smog-fog-smog 
cycle.22,23 Smog is a notable health concern, leading to bronchitis and lung cancer,24 and is 
usually formed in cities with large industrial emissions and traffic, which are also significant 
sources of contaminants such as benzene or carbonyl compounds in the atmosphere.25-30 These 
carbonyl compounds are also sources of oxidizing free radicals, which in turn further smog 
formation.  
Since fog is such an active and diverse medium, it is imperative to understand the 
environmental processes that occur within it and how these processes differ from what transpires 
in a predominately bulk aqueous phase environment. Similarly, it is of an environmental 
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importance to examine the concentration and variety of contaminants in these atmospheric 
waters, as these pollutants are precursors to future fog and smog events.  
1.2 The Air-Water Interface 
The air-water interface, comprised of bulk interactions (air-sea), bulk air-water dispersion (rain, 
fog, mist), and bulk-air in contact with surface films (water films on snow, aerosols, or ice), is 
the largest interface in the environment.31 It has been shown that aromatic compounds and 
oxidative species, such as the hydroxyl radical and hydrogen peroxide, have a free energy 
minimum at the air-water interface;32-34 hence, these types of compounds are more concentrated 
at the interface as opposed to the bulk gaseous or liquid phases. This free energy minimum was 
observed for benzene, the smallest aromatic structure, but was even deeper for the larger 
polycyclic aromatic hydrocarbons (PAH).32  
It has also been shown that anionic halides are prone to concentrate at the interface.35-39 
Nevertheless, sulfate ions behave in the opposite manner, concentrating away from the surface,40 
again revealing the unique behavior of the interfacial phase. Along the same vein, it has been 
discussed that the pH at the surface differs from the pH of the bulk aqueous phase, but whether 
the surface is acidic or basic is still up for debate.41-44  
 Notably, it has been shown that reaction rates are higher at the film surface as compared 
to within the bulk aqueous phase.45-48 When the droplet size is large (e.g. rain droplets), the 
reactions in the bulk aqueous phase will dominate because it is the larger of the phases. 
However, when the droplet size decreases (e.g. fog droplets), reaction rates that take place at the 
interface become more influential because there is a larger surface area-to-volume ratio. It is 
suggested that these reaction rates are higher due to the increased concentration of compounds at 
the interface, the large surface diffusion constants,49 and the incomplete solvent-cage effect at the 
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aqueous surface.50,51 The absence of a complete solvent-cage effect decreases the probability that 
compounds at the interface will recombine; thus, products can form at a higher rate, especially 
given the high concentration of reactant species.50 Conversely, reactions in bulk aqueous 
solutions are restricted by both the solvent-cage effect and small bulk liquid diffusion constants, 
leading to slower reaction rates.  
 In order to examine the difference between reactions in the bulk aqueous phase and at the 
air-water interface, benzene is used in this study as the compound of interest. Even though 
benzene is the simplest aromatic structure, it still has a strong presence in the atmosphere. From 
an analysis standpoint, it also has a relatively simple reaction pathway that is straightforward to 
follow.52 Moreover, because benzene also shows surface enhancement, it is expected that the 
results derived from benzene would be further enhanced for the larger PAH, as the free energy 
minimum for these larger compounds is more significant.32  
1.3 Benzeneb 
Benzene is listed as a known human carcinogen by the United States Environmental Protection 
Agency (U.S. EPA), and it is an atmospheric pollutant resulting from both stationary sources, 
such as chemical and petrochemical industry emissions, biomass burning, solvent usage and 
mobile sources, such as automobile exhaust.25,26 Approximately 11 megatons of benzene are 
emitted annually worldwide. In the United States, the mean atmospheric benzene concentration 
has declined 55% between 1994 and 2008, with concentrations generally below 2.6×10-2 
µmol·m-3.53,54 Nevertheless, in developing areas such as Delhi, India, the atmospheric 
                                                 
b Section 1.3 previously appeared in: Heath, A.A., Ehrenhauser, F.S., Valsaraj, K.T., “Effects of temperature, 
oxygen level, ionic strength, and pH on the reaction of benzene with hydroxyl radicals in aqueous atmospheric 
systems.” Journal of Environmental Chemical Engineering, 2013, 1, 822-830. doi: 
10.1016/j.jece.2013.07.023. It is reprinted with permission of Elsevier in the format Thesis/Dissertation via 
Copyright Clearance Center, as shown in the permission letter in Appendix F. 
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concentration of benzene is higher (0.43-2.2 μmol·m-3).55 Due to its environmental ubiquity, 
benzene and its derivatives have not only been observed in the gas phase, but also in atmospheric 
waters such as fog, ice, rain, and cloud.56,57 
Although aromatic compounds are stable, benzene is known to react easily with hydroxyl 
radicals in the gas phase (kOH = 4.3×10
4 µM-1·min-1), whereas it is much less reactive towards 
ozone (kO3= 6.1×10
-6 µM-1·min-1) and nitrate radicals (kNO3 = 4.0×10
-1 µM-1·min-1).58 In the 
aqueous phase, the reaction of benzene with hydroxyl radicals is also favorable (kOH = 4.7×10
5 
µM-1·min-1).59,60 
The reaction of benzene with hydroxyl radicals has been explored extensively, 
particularly in the gas phase.26,61-64 The reaction in aqueous solutions has also been studied, but 
many systems describe the kinetic evaluation of the photo-degradation of benzene by 
UV/hydrogen peroxide or other oxidative methods for wastewater treatment with minimal 
emphasis on additional product formation.65-68 Our study also utilizes the photo-generation of 
hydroxyl radicals by UVB irradiation of hydrogen peroxide, but it emphasizes the formation of 
benzene’s oxidative products: phenol and biphenyl. The formation of phenol has been studied 
extensively,26,62,63,69-73 whereas the kinetics of biphenyl formation has not been given much 
attention. Moreover, most previous work that describes biphenyl as a product of benzene with 
hydroxyl radicals focuses on Fenton’s reagent system,70-72 which does not necessarily pertain to 
atmospheric conditions. Biphenyl, although not classified as a human carcinogen, is an irritant 
and toxin that affects the eyes, skin, kidneys, liver, and the central nervous system.74 Hydrogen 
peroxide was used in this study because it is both a direct method to generate hydroxyl radicals 
and is present naturally in liquid aerosols, such as fog and clouds, with typical concentrations of 
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0.3-3 μM.75-77 The formation of hydroxyl radicals from hydrogen peroxide is described in 
Equations (I)-(V) as follows, 
Initiation: 
𝐻2𝑂2 + ℎ𝜈 → 2 ?̇?𝐻 (I) 
Propagation: 
?̇?𝐻 + 𝐻2𝑂2 → 𝐻2𝑂 + 𝐻𝑂2̇ (II) 
𝐻𝑂2̇ +  𝐻2𝑂2 → ?̇?𝐻 + 𝐻2𝑂 + 𝑂2 (III) 
Termination: 
𝐻𝑂2̇ + 𝐻𝑂2̇  →   𝐻2𝑂2 + 𝑂2  (IV) 
𝐻𝑂2̇ + ?̇?𝐻 → 𝐻2𝑂 + 𝑂2 (V) 
Figure 1 shows the proposed reaction scheme of benzene reacting with hydroxyl radicals. 
In both the gas and aqueous phases, hydroxyl radicals react (rate constant kp) with benzene (1) to 
form the hydroxycyclohexadienyl radical (2)63,64,70-73,78 as seen in Figure 1. This resonance-
stabilized radical has four potential reaction pathways resulting in two main products: phenol (4) 
and biphenyl (6).  
In the gaseous atmosphere, the dominant route for the hydroxycyclohexadienyl radical 
(2) is the reaction (rate constant kB3) with oxygen to form the hydroxycyclohexadienyl peroxyl 
radical (3).62-64,79 This radical then decomposes to form phenol (4) and a hydroperoxyl 
radical.63,64,70-73 Another potential route for phenol formation is the reaction of a 
hydroxycyclohexadienyl radical (2) with a hydroxyl radical (rate constant kB2).
72 Phenol (4) can 
also form through the disproportionation (rate constant kB1) of two hydroxycyclohexadienyl 
radicals (2).70-72 Phenol can be further oxidized to other organic products such as 1,4-
benzoquinone (7), hydroquinone (8), catechol (9), and resorcinol (10).69 Some of these products, 
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such as 1,4-benzoquinone (pKA=4.0) and further oxidation products,
80 are more acidic than 
phenol (pKA=9.95),
81 which causes a decrease in solution pH. 
 
Figure 1: Different reaction pathways for the photo-oxidation of benzene in water. 
In a second possible reaction pathway, two hydroxycyclohexadienyl radicals can 
dimerize (rate constant kC) to form 4, 4’-bishydroxycyclohexadiene (5) and its isomers, 2, 4’-
bishydroxycyclohexadiene and 3, 4’-bishydroxycyclohexadiene (not shown in Figure 1). These 
intermediate structures dehydrate to form another product, biphenyl (6).70-72 The complete 
kinetic evaluation derived from this mechanism, including the reaction pathway for the 
production of hydroxyl radicals from hydrogen peroxide is shown in Appendix B. 
1.4 Aldehydes and Ketonesc 
Like benzene, aldehydes and ketones are also ubiquitous in the atmosphere.29,57,82-85 Some 
aldehydes and ketones are toxic and many are considered eye, skin, and respiratory tract 
                                                 
c Portions of Section 1.4 previously appeared as: Heath, A.A., Vaitilingom, M., Ehrenhauser, F.S., Valsaraj, K.T., 
“Determination of aldehydes and acetone in fog water samples via online concentration and HPLC” Journal of 
Atmospheric Chemistry (In press). It is reprinted with permission of SPRINGER-VERLAG DORDRECHT in the 
format Thesis/Dissertation via Copyright Clearance Center, as shown in the permission letter in Appendix F. 
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irritants.29,86 Moreover, the U.S. EPA lists formaldehyde and acetaldehyde as probable 
carcinogens.87,88 These carbonyl compounds are both emitted from biogenic and anthropogenic 
sources (biomass burning, vegetation, traffic, industrial stack gases, and solvent usage) and are 
produced by hydrocarbon photo-oxidation.27-30 The secondary formation of aldehydes and 
ketones from the degradation of VOCs, such as benzene, is notable because these carbonyl 
compounds also become sources of oxidizing free radicals, which are precursors to 
photochemical smog.27,83,89 Table 2 shows several of these carbonyl compounds and gives 
various physical properties for them including molecular weight, boiling point, and density. 
Like most pollutants, the concentration of aldehydes and ketones in fog water samples 
can vary considerably based on location. Table 3 compares the concentration of several carbonyl 
compounds in fog water samples collected around the world, including Po Valley, Italy,82,90 Mt. 
Oyama, Japan,91 and several sites in California.83,92,93 Out of the fog samples listed in Table 3, 
only formaldehyde and acetaldehyde were observed in every study. Unsurprisingly, the fog water 
collected in Po Valley, Italy, a more polluted area, had a much higher concentration of 
aldehydes82,90 than the samples taken from pristine mountainous regions.91 The last line of Table 
3 lists the concentrations of aldehydes and ketones identified in fog water samples collected in 
Baton Rouge, LA, as discussed in more detail in Section 6. 
Due to the considerable presence and activity of carbonyl compounds in atmospheric 
waters, like fog, it is important to efficiently analyze these waters for aldehydes and ketones so 
that we can identify both gradual and sudden changes in the environment. In order to use high 
performance liquid chromatography (HPLC) to determine and quantify these free carbonyl 
compounds, many methods utilize 2,4-dinitrophenylhydrazine (DNPH) as a derivatization 
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agent.82,83,90,91,94,95 Figure 2 shows the reaction of free carbonyl compounds with DNPH to form 
the aldehyde/ketone-DNPH compound used for this analysis. 
Although several methods for aldehyde and ketone determination do exist,82,83,90,91,95 
many procedures, like U.S. EPA Method 8315A, can require a large aqueous sample volume 










Formaldehyde  CH2O 30.0 -19.1 0.82 
Acetaldehyde 
 
C2H4O 44.1 20.6 0.78 
Acrolein 
 
C3H4O 56.1 52.0 0.84 
Acetone 
 
C3H6O 58.1 56.1 0.78 
Propionaldehyde 
 
C3H6O 58.1 48.0 0.87 
Crotonaldehyde 
 
C4H6O 70.1 102.2 0.85 
Butraldehyde 
 
C4H8O 72.1 78.8 0.80 
Benzaldehyde 
 
C7H6O 106.1 178.7 1.04 
Isovaleraldehyde 
 


























C5H10O 86.1 103 0.81 
o-Tolualdehyde 
 
C8H8O 120.2 195 1.03 
m-Tolualdehyde 
 
C8H8O 120.2 199 1.02 
p-Tolualdehyde 
 
C8H8O 120.2 202 1.02 
Hexaldehyde 
 
C6H12O 100.2 129.6 0.83 
2,5-Dimethylbenzaldehyde 
 
C9H10O 134.2 220 0.95 
(e.g. 100 mL for EPA 8315A) and use dichloromethane extraction so that the limits of detection 
are in the sub-micromolar range.94 For aqueous samples like fog water, which are inherently 
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d Did not have full separation of acetone and acrolein with this method. 
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for other forms of analysis. Therefore, it was desired to develop a new method which both 
reduced the required sample volume and eliminated all solvent extraction steps, while still 
improving the overall limit of detection (LOD), such that this method would be appropriate for 
fog water analysis.  
 
Figure 2: Reaction schematic of DNPH derivatization of aldehydes and ketones. 
1.5 Objective and Structure of Thesis 
Examining atmospheric processes in both the laboratory and the field is critical for achieving a 
more complete understanding of the fate of pollutants, such as benzene and other carbonyl 
compounds, in the environment. VOCs like benzene and some carbonyl compounds are both 
released into the environment from several biogenic and anthropogenic sources. Moreover, 
aldehydes and ketones are also produced in the environment from the degradation of VOCs, 
including aromatic compounds (e.g. benzene), by hydrocarbon oxidation.98 During a fog event, 
the primary pollutant VOCs can partition into the liquid phase of a fog droplet and react with 
free radicals to form new, secondary products (e.g. SOA). Eventually, the newly formed SOA, 
including carbonyl compounds, will degrade to oxidizing free radicals, which are precursors to 


































Thus, in order to more fully understand atmospheric aerosols and fog/smog processes, it 
is beneficial to study both primary aromatic pollutants, such as benzene, and the formation of 
secondary pollutants, such as aldehydes and ketones. For this reason, this work is organized into 
two parts so that both contributions to fog and smog processes can be examined. In Sections 2-4, 
we assessed the reaction with benzene and hydroxyl radicals in both the bulk aqueous phase and 
at the air-water interface as a laboratory study. The purpose of these experiments was to pinpoint 
what environmental factors and conditions would affect the photo-oxidation of primary aromatic 
pollutants during a fog event; hence, we modeled conditions typical of a fog event in the Gulf of 
Mexico region. In order to gain a deeper understanding of true fog water characterization, 
additional studies focusing on pollutant concentrations were performed using fog water collected 
in Baton Rouge, LA, USA (Sections 5-6). For this part of the study, we emphasized method 
development and analysis for obtaining the concentration of aldehydes and ketones in fog water 
samples using DNPH derivatization, as these compounds required more complex 
characterization due to the nature of their structure. 
The laboratory study on the reaction of benzene with hydroxyl radicals is divided into 
two separate studies, using two different reactors: the bulk phase reactor and the thin film 
reactor. For both studies, hydrogen peroxide, irradiated with UVB light, was used as the source 
for hydroxyl radicals, as it is naturally present in liquid aerosols.75-77 In each reactor, 
temperature, ionic strength, pH, and oxygen content were varied to model conditions typical of a 
fog event. With the simplicity of the bulk phase reactor, we were able to thoroughly study the 
reaction of benzene with hydroxyl radicals under atmospheric conditions. The bulk phase reactor 
experiments (Section 3) were performed with the idea that the results obtained from that study 
would serve as the basis for future experiments focusing on the reactions at the air-water 
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interface. Thus, the thin film reactor (Section 4), a temperature-controlled flow-tube assembly, 
allowed us to study the effect of interfacial reaction rates. By adjusting the liquid volume 
distributed along a known surface area within the reactor, we can in turn adjust the film 
thickness, or surface area-to-volume ratio; therefore, this system gives the advantage that both 
bulk and interfacial properties can be achieved from a single reactor. 
The second part of the study focuses on actual fog water samples that were collected in 
the field from October 2012 through April 2014 in Baton Rouge, LA, using a stainless steel 
Caltech active strand cloudwater collector (ss-CASCC).99,100 Since aldehydes and ketones are 
prevalent primary and secondary atmospheric pollutants that are also precursors for SOA and 
photochemical smog, it was desired to develop a detection method for these compounds, 
designed for atmospheric aqueous samples, like fog, where the sample volume is inherently 
small. Most aldehyde and ketone detection methods, such as U.S. EPA Method 8315A,94 require 
a large sample volume, which unless a fog event is particularly dense, is very difficult to obtain, 
especially if other types of analysis are also desired. Our method, based on EPA 8315A, allows 
us to decrease the sample volume and eliminate all solvent extraction and concentration steps by 
implementing a reusable, online solid-phase extraction column upon injection into the HPLC. 
Doing so reduced the required sample volume to as low as 0.5 mL (compared to 100 mL for 




2. EXPERIMENTAL SETUP FOR BENZENE EXPERIMENTS 
In this section, the two separate reactors and the experimental procedures for the benzene 
experiments are described. Section 2.1 describes the bulk phase reactor and Section 2.2 describes 
the thin film reactor. 
2.1 Bulk Phase Reactore 
2.1.1 Solution Preparation 
For experiments testing the effect of temperature (10–32°C) on benzene degradation, LC-MS 
grade water (Burdick & Jackson, Muskegon, MI, USA) was used as received. The ionic strength 
of solutions was adjusted using sodium chloride (Mallinckrodt Baker, Inc., Phillipsburg, NJ, 
USA) prepared with LC-MS grade water (I=0–1.7 eq·L-1). In order to model environmental 
conditions typical of fog water, the pH was adjusted using either sodium hydroxide 
(Mallinckrodt Baker, Inc., Phillipsburg, NJ, USA) or hydrochloric acid (Mallinckrodt Baker, 
Inc., Phillipsburg, NJ, USA). pH was measured with a pH meter (Oakton Acorn Series pH 6, 
Oakton Instruments, Vernon Hills, IL, USA) and either a ROSS Ultra Combination pH Electrode 
(ThermoScientific, Beverly, MA, USA) or a PHR-146B Micro Combination pH Electrode 
(Lazar, Los Angeles, CA, USA). Each aqueous solution was either saturated with UHP-grade air 
(Air Liquide America L.P., Houston, TX, USA) or degassed with UHP-grade helium (Air 
Liquide America L.P., Houston, TX, USA) for at least 2 hours. 
For each experiment, a solution with a benzene concentration of 13.2 mM was prepared 
from ACS grade benzene (Fisher Scientific, Fair Lawn, NJ, USA) and the previously described 
                                                 
e Section 2.1 (except for Figure 3) previously appeared in: Heath, A.A., Ehrenhauser, F.S., Valsaraj, K.T., “Effects 
of temperature, oxygen level, ionic strength, and pH on the reaction of benzene with hydroxyl radicals in aqueous 
atmospheric systems.” Journal of Environmental Chemical Engineering, 2013, 1, 822-830. doi: 
10.1016/j.jece.2013.07.023. It is reprinted with permission of Elsevier in the format Thesis/Dissertation via 
Copyright Clearance Center, as shown in the permission letter in Appendix F. 
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aqueous solution (pure, ionic strength adjusted, or pH adjusted). Since this concentration of 
benzene is much higher than what is seen in the environment, we performed separate 
experiments using solutions with a benzene concentration of 40.7 µM to investigate if the results 
from higher concentration experiments could be extrapolated down to lower levels. 
Thirty percent (30%) (w/w) hydrogen peroxide (EMD Chemicals, Inc., Gibbstown, NJ, 
USA) was diluted to a one percent (1%) (w/w) solution in LC-MS grade water. We determined 
the actual concentration of hydrogen peroxide by iodometric titration with sodium thiosulfate 
(EMD Chemicals, Inc., Gibbstown, NJ, USA), standardized with potassium iodate (Mallinckrodt 
Chemical Works, New York, USA), and a one percent (1%) (w/w) starch (Acros Organics, New 
Jersey, USA) indicator solution. The procedure for this process is described in detail in Appendix 
D. To determine the hydroxyl radical concentration in the system,101,102 we generated solutions 
of various initial concentrations of benzene (0.52 to 13.2 mM) in different reaction media: air-
saturated, oxygen-free, ionic strength of 0.6 eq·L-1 (neutral, pH = 6.23), and ionic strength of 0.6 
eq·L-1 (acidic, pH = 3.38). This value of ionic strength is about an order of magnitude higher 
than the typical ionic strength of fog water, and was chosen to evaluate how a significant 
increase in ionic strength affects the overall production of hydroxyl radicals. The values of pH 
tested were in the range typical of fog water. 
2.1.2 Reactor Setup 
We conducted all experiments in a batch reactor, schematically shown in Figure 3. An insulated 
aluminum box housed two UVB light bulbs (15 W, 275-390 nm, UVP LLC, Upland, CA, USA) 
and the reaction vial. The light intensity is 1.3×103 W·m-2 at the bottom of the reaction vial. The 
wavelength range of the light bulbs covered the highly energetic UVB range of the solar 
spectrum and compares to solar radiation existing in the atmosphere. Since the UVB light bulbs 
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generated heat, the reactor housing and vial were kept at constant temperature with the help of a 
cool, compressed air stream channeled in between the two light bulbs and a copper cooling coil 
connected to an external chiller (Model #RCB300, Hoefer Scientific Instruments, USA) that was 
beneath the two light bulbs. Unless otherwise noted, the reactor temperature was kept constant at 
23±1°C. 
 
Figure 3: Schematic of the front view of the bulk-phase reactor setup. 
2.1.3 Experimental Procedure 
The photochemical reaction was carried out in clear 27.5-mm×70-mm borosilicate vials (Qorpak, 
Bridgeville, PA, USA), transparent to UVB radiation (cutoff wavelength: 300 nm). The vial was 
filled with 30 mL of the appropriate benzene solution to minimize headspace. The vial was then 
wrapped in aluminum foil to prevent UVB light penetration and was held in place inside the 
reactor for two hours to equilibrate at the desired temperature. Thereupon, we removed the foil 
and added 320 μL of the 1% hydrogen peroxide solution, resulting in a H2O2 concentration of 
3.20 mM. The post-reaction hydrogen peroxide concentration, determined by iodometric 











The solution was kept stirred by a magnetic stir bar throughout the experiment. Samples 
(100 µL) were taken at given intervals for analysis. These samples were withdrawn with a 
syringe through the cap septum. Each experiment was conducted in triplicate. The samples were 
all analyzed using an Agilent 1100 HPLC system. A description of the complete HPLC analysis 
is given in Appendix A, Section A.1. A typical chromatogram for this method is depicted in 
Figure 4. 
 
Figure 4: Chromatogram obtained using the HPLC method described in Appendix A, Section 
A.1.f  
                                                 
f This particular chromatogram resulted from a bulk phase experiment benzene (Section 2) with the following 
conditions: T=23°C; I=0 eq·L-1; initial pH=6.35; CA0=13.2 mM; 150 min of UVB irradiation. 
HPLC Elution Time (min)




































































HPLC Elution Time (min)







































































2.2 Thin Film Reactorg 
2.2.1 Solution Preparation 
Several aqueous samples at various film thicknesses were tested using the temperature controlled 
flow-tube thin film reactor. All experiments were at 20.0±0.5°C and under air-saturated 
conditions unless otherwise noted. For the first set of experiments that strictly tested the effect of 
film thickness (δ = 77.2, 86.6, 135.1, 193.1, and 386.2 µm), LC-MS grade water was used as 
received. Similarly, for the experiments that compared the effect of film thickness (δ = 77.2, 
86.6, 135.1, and 193.1 µm) at different temperatures (5.0±0.5°C and 10.0±0.5°C), LC-MS grade 
water was also used as received. In order to test the effect of ionic strength at various film 
thicknesses (δ = 77.2 and 193.1 µm), ammonium sulfate (purim, p.a. ≥99.0%, Sigma Aldrich, St. 
Louis, MO, USA) was added to LC-MS grade water, resulting with a final concentration of 
0.025 M. For the experiments testing the effect of pH at various film thicknesses (δ = 77.2 and 
193.1 µm), either sulfuric acid (ACS Grade, BDH Acids-Columbus Chemical, Columbus, OH, 
USA) or ammonium hydroxide (ACS Grade, FisherChemicals, Fair Lawn, NJ, USA) was added 
to LC-MS grade water. As with the bulk phase reactor experiments (Section 2.1.1), pH was 
measured for each solution with a pH meter (Oakton Acorn Series pH 6, Oakton Instruments, 
Vernon Hills, IL, USA) and a ROSS Ultra Combination pH Electrode (ThermoScientific, 
Beverly, MA, USA). For the experiments that tested the effects of oxygen-poor conditions at 
various film thicknesses (δ = 77.2 and 193.1 µm), LC-MS grade water was degassed with 
nitrogen for at least two hours before being added to the glass slide.  
                                                 
g Section 2.2 previously appeared in: Heath, A.A., Valsaraj, K.T., “Effects of Temperature, Oxygen Level, Ionic 
Strength, and pH on the Reaction of Benzene with Hydroxyl Radicals at the Air-Water Interface in Comparison to 
the Bulk Aqueous Phase” Journal of Physical Chemistry A (in press) doi: 10.1021/acs.jpca.5b05152. It is reprinted 
with permission of the American Chemical Society © 2015 in the format Thesis/Dissertation, as shown in the 
permission letter in Appendix F. 
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 In order to create the initial H2O2 stock solution, thirty percent (30%) (w/w) hydrogen 
peroxide was diluted to a one percent (1%) (w/w) solution in LC-MS grade water. The 
concentration of the H2O2 stock solution was determined as described in Section 2.1.1 and 
Appendix D. 
2.2.2 Reactor Setup 
Portions of the reactor apparatus used in these experiments have also been used in previous 
studies,46,103 but some changes were made to the original design to better fit the experiments 
performed in this study. The reactor schematic and flow pattern is shown in Figure 5.  
 UHP-grade air (Air Liquide America L.P., Houston, TX, USA) or UHP-grade nitrogen 
(Air Liquide America L.P., Houston, TX, USA), supplied from a compressed gas cylinder, was 
used as the carrier gas. UHP-grade nitrogen was used in the experiments that tested the effects of 
an oxygen-poor environment. The carrier gas, which was controlled by a mass flow controller 
(GFC17, Aalborg, Orangeburg, NY, USA), traveled at a flow rate of 70 mL·min-1 towards 
Chiller #1. Chiller #1, filled with a 50% (v/v) ethylene glycol (Avantor Performance Materials, 
Inc., Center Valley, PA, USA) and 50% (v/v) deionized water, was a Cole-Parmer Polystat 
Advanced 15L Heat/Cool Bath, (Cole-Parmer Instrument Company, LLC, Vernon Hills, IL, 
USA) with a possible temperature range of -28 to 200°C. Chiller #1 was set between 5-20°C for 
the temperature dependent experiments. Inside the chiller bath, two separate flow channels could 
occur. In Path #1, the carrier gas traveled through a single, double channel bubbler (Widgett 
Scientific, Baton Rouge, LA, USA) that contained only LC-MS water (Burdick & Jackson, 
Muskegon, MI, USA). Path #1 was in use during all non-experiment times to ensure equilibrium 
and consistency inside the reactor. Path #2 was made up of two bubblers in series. The first 




Figure 5: Sketch of the sample flow path and thin film reactor assembly used in all photo-
oxidation experiments.h  
relative humidity in the incoming air stream, thus preventing dry-out of the liquid-phase inside 
the reactor. The second bubbler was a double-channel bubbler filled with 20% LC-MS water and 
80% benzene (anhydrous, 99.8%, Sigma-Aldrich, Co., St. Louis, MO, USA). As the carrier gas 
stream traveled through the bubbler, benzene was bubbled into the gas phase such that the stream 
                                                 
h Solid and dashed lines represent gas flow and coolant flow, respectively. 
Mass flow 
controller
Carrier gas:  
UHP Air @
70 mL/min
Double channeled bubbler: 
Water only


















was saturated with both benzene and water. All tubing exiting the chiller was insulated with ½ 
inch thick foam rubber pipe insulation (McMaster-Carr, Atlanta, GA, USA) to minimize heat 
loss as the stream traveled from the chiller towards the photoreactor assembly. 
 The photoreactor assembly was made up of a 5-cm×101-cm Kimble KG-33 glass tube 
coated internally with PFA foil (0.508 mm thickness, McMaster-Carr, Atlanta, GA, USA), a 
copper tube heat exchanger, and a chemically etched borosilicate glass slide, on which the liquid-
phase reaction took place. The cross-section of the photo reactor is shown in Figure 6. The 1000-
mm×40-mm×2-mm borosilicate glass slide was chemically etched with hydrofluoric acid (ACS 
Grade, BDH Acids-Columbus Chemical, Columbus, OH, USA) and treated with 
dichlorodimethylsilane (5% in toluene, Supelco, Bellefonte, PA, USA) and a 20% sodium 
hydroxide (EMD Chemicals Inc., Gibbstown, NJ, USA) solution in LC-MS water in order to 
create a hydrophilic inner trough and a hydrophobic outer frame with a surface area of 259 
cm2.103 By adjusting the aqueous volume placed on the hydrophilic inner trough, a certain  
 
Figure 6: Cross-section of the thin film reactor. 


















surface area to volume ratio could be obtained; hence, 1 mL of water corresponds to a film 
thickness of 38.6 µm. 
 The copper tube heat exchanger was located directly underneath the glass slide. The 
coolant fluid from Chiller #1 flowed through the copper tube heat exchanger to assist in 
maintaining a uniform temperature profile along the length of the glass slide.46,103 Due to the 
temperature increase associated with distance between the bubblers and entrance of the reactor, 
the coolant fluid from Chiller #1 was also channeled into a shell-and-tube heat exchanger, which 
stabilized the gas phase temperature at the entrance of the reactor.103 Five separate 
thermocouples were placed throughout the reactor system to ensure temperature consistency. 
Two T-type thermocouples (Omega Engineering, Inc., Stamford, CT, USA) were embedded at 
the top of the copper tube heat exchanger to measure the temperature at the base of the glass 
slide. Two additional T-type thermocouples were placed inside the KG-33 glass tube to measure 
the temperature of the air flow inside the tube. A T-type thermocouple wire was also placed 
outside of the glass tube to measure the temperature variation outside the glass tube.  
 Two insulated aluminum boxes were used to house either the horizontal flow tube reactor 
(the lower box) or the four UVB light bulbs (15 W, 275-390 nm, UVP LLC, Upland, CA, USA) 
(the upper box). The lightbulb’s wavelength range spanned the highly energetic UVB range of 
the solar spectrum; hence, this range compares to the solar radiation existing in the atmosphere. 
A 22-cm×100-cm rectangle was cut out of the top of the lower box such that the simulated light 
could penetrate into the reactor. Since the UVB light bulbs generate substantial heat, the upper 
box was kept at room temperature by channeling a compressed air stream chilled by using a 
vortex tube (Arizona Vortex Tube Manufacturing Company, Wickenburg, AZ, USA) throughout 
the upper box with copper tubing. The vortex tube can decrease the temperature of compressed 
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air at ambient temperature by at least 25°C, which helps to significantly offset the temperature 
increase caused by the UVB bulbs.  
 In order to further combat the temperature increase, especially in the experiments where 
the temperature was 10°C or less, Chiller #2 was used. Chiller #2 was identical to Chiller #1, 
except that a copper cooling coil was inside the circulating bath. Compressed air traveled 
through the cooling coil and was channeled into the lower box of the reactor, where it was split 
into five separate streams along the length of the reactor. A separate cooling loop, utilizing the 
chiller’s coolant fluid, was also placed underneath the glass tube to further decrease the 
temperature. This two-chiller setup allowed for Chiller #2 to be kept several degrees colder than 
Chiller #1 (set to the reaction temperature), providing ample temperature control. Similarly, in 
order to decrease the intensity of the UVB bulbs, which was also high, several light filtration 
methods were used within the reactor. A 3/16” borosilicate glass pane (McMaster-Carr, Atlanta, 
GA, USA) was placed in between the upper and lower boxes to both further offset this 
temperature increase and to filter out some of the strong UVB rays. Likewise, the glass tube and 
PFA foil further served as barriers to the strong UVB lights. The combination of the borosilicate 
glass pane, the KG-33 glass tube, and the PFA foil lowers the percent transmittance, which in 
turn decreased the intensity that the surface of the glass slide received.  
2.2.3 Experimental Procedure 
For each experiment, a certain volume, depending on what particular film thickness was being 
tested, of an aqueous solution (Section 2.2.1) was added to the glass slide. Hydrogen peroxide 
(H2O2) was also added to the slide in the liquid phase so that its final concentration was 29.4 




 Once the slide was loaded with the liquid solution, it was placed inside the reactor. The 
reactor was then sealed, and benzene was allowed to enter the reactor through the gas phase for 
96 minutes so that the system had ample time to reach equilibrium. Then, the UVB lights were 
turned on for a time interval in between 0 and 180 minutes (10 time points in total). After this 
particular time interval, the UVB lights were turned off and the slide was taken out of the 
reactor. The entire liquid contents of the slide were washed into a volumetric flask using HPLC 
grade acetonitrile (EMD Chemical Inc., Gibbstown, NJ, USA). The liquid phase was then 
analyzed immediately by HPLC. Each time point was repeated in triplicate; one data point each 
for phenol, biphenyl, and benzene was obtained from a single slide volume. 
 The gas phase concentration of benzene was also measured for each experiment. The 
outlet stream from the photo-reactor was channeled into a 25 mL solution of HPLC-grade 
acetonitrile that was contained in a 40 mL amber borosilicate vial (Qorpak, Bridgeville, PA, 
USA) for fifteen minutes. The amber vial was held in an ice-chilled aqueous solution to 
minimize benzene evaporation throughout the sample collection. Samples were drawn up from 
the acetonitrile trap via syringe, diluted further with acetonitrile so that they were not too 
concentrated for analysis, and then injected immediately onto the HPLC. All liquid phase and 
gas phase samples were analyzed for benzene, phenol, and biphenyl using an Agilent 1100 
HPLC system outfitted with a diode array detector (G1315A) and a programmable fluorescence 
detector (1046A), as described in detail in Appendix A, Section A.1. The chromatogram for this 




3. BENZENE WITH HYDROXYL RADICALS IN THE BULK AQUEOUS 
PHASEi 
This chapter focuses on the experiments performed using the bulk phase reactor, as described in 
Section 2.1. The purpose of these experiments was to gain a better understanding of the possible 
reaction pathways for the reaction of benzene with the hydroxyl radical and how various factors 
(e.g. temperature, pH, ionic strength, and oxygen concentration) could potentially effect this 
reaction. 
3.1 Determination of Hydroxyl Radicals 
Following previous work,5,101,102 it is assumed that a steady state hydroxyl radical concentration 
is established during the UVB irradiation of a hydrogen peroxide solution. For this analysis, 
benzene is used as a probe molecule and its main product, phenol, is followed throughout the 
reaction to determine the following quantitative parameters:  POH (μM·min
-1), the photochemical 
rate of production of hydroxyl radicals, [OH]’ss (μM), the steady state hydroxyl radical 
concentration, and k’np (min
-1), the apparent first order rate constant for reactions of the hydroxyl 
radical not leading to phenol.  
POH, k’np, and [OH]’ss were found for the following solutions at 23°C:  air-saturated, 
oxygen-free, ionic strength of 0.6 eq·L-1 (neutral, pH=6.23), and ionic strength of 0.6 eq·L-1 
(acidic, pH=3.38). The relevant equations are shown in Appendix C, Equations (XXXI)-
(XXXIV). Results for POH, k’np, and [OH]’ss are shown in Table 4. Table 4 shows that POH is 
highest for the acidic solution and the oxygen-free solution and lowest in the air-saturated case. 
Based on the results from Anastasio and McGregor, we calculated that POH for fog waters in 
                                                 
i Chapter 3 previously appeared as: Heath, A.A., Ehrenhauser, F.S., Valsaraj, K.T., “Effects of temperature, oxygen 
level, ionic strength, and pH on the reaction of benzene with hydroxyl radicals in aqueous atmospheric systems.” 
Journal of Environmental Chemical Engineering, 2013, 1, 822-830. doi: 
10.1016/j.jece.2013.07.023. It is reprinted with permission of Elsevier in the format Thesis/Dissertation via 
Copyright Clearance Center, as shown in the permission letter in Appendix F. 
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Davis, CA ranged from 0.015±0.003 µM·min-1 to 0.16±0.06 µM·min-1.102 Likewise, it was found 
that the photoformation rates of hydroxyl radicals in cloud waters, normalized to midday equinox 
sunlight, from Whiteface Mountain, NY ranged from 0.0078-0.050 µM·min-1.5 Both fog water 
and cloud water show lower values of POH than the values found in this work due to the higher 
concentrations of both hydrogen peroxide and benzene used in the solution. 
Table 4: POH and k’np for air-saturated, oxygen-free, I=0.6 eq·L
-1 (neutral) and I=0.6 eq·L-1 
(acidic) solutions of benzene (13.2 mM). 
Type of Solution POH (μM·min
-1) k’np (min
-1) [OH]’ss (μM) 
Air-saturated 1.24 ± 0.08 7.43 ± 3.9 × 107 2.16 ± 0.05 × 10-10 
Oxygen-free 1.62 ± 0.24 1.50 ± 1.1 × 108   3.38 ± 0.25 × 10-10 
I=0.6 eq·L-1, Neutral 1.42 ± 0.10 4.24 ± 1.4 × 108 2.19 ± 0.07 × 10-10 
I=0.6 eq·L-1, Acidic 1.64 ± 0.35  6.34 ± 15.0 × 108 2.42 ± 0.06 × 10-10 
It is also clear from Table 4 that k’np is highest for the solutions with an ionic strength of 
0.6 eq·L-1 and lowest for the air-saturated solution. This shows that a larger proportion of 
reactions lead to products other than phenol in solutions with high ionic strengths. An ionic 
strength of 0.6 eq·L-1 is higher than what is typical of fog waters.5-9 Since more ions are present, 
more interactions of the hydroxyl radical with other species are expected in these high ionic 
strength solutions, as shown in the high values for k’np. The apparent first order hydroxyl radical 
rate constant with other species is also lower in natural fog waters (0.68±0.28×106 - 
1.9±0.09×106 min-1) than in our experiment,102 due to the higher concentrations examined in our 
work.  
However, the steady state hydroxyl radical concentrations, [OH]’ss, found in this study 




Thus, even though more radicals are produced (larger values for POH), the steady state hydroxyl 
radical concentration is not affected. Instead, hydroxyl radicals react with benzene at a 
proportionately larger rate and thus give a higher product yield. For the oxygen-free solution, the 
steady state hydroxyl radical concentration was 56.6% higher in comparison to the air-saturated 
solution. In an air-saturated solution, hydrogen peroxide competes with oxygen, thus generating 
a lower steady-state hydroxyl radical concentration than in the oxygen-free solution. 
3.2 Kinetic Evaluation 
We derived kinetic expressions for both phenol and biphenyl, Equation (VI) and Equation (VII), 
respectively, based on the overall mechanism of the reaction of benzene with hydroxyl radicals. 
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In the above derivations, CA0 is the initial concentration of benzene, CB is the concentration of 
phenol, CC is the concentration of biphenyl, [OH]’ss is the steady state hydroxyl radical 
concentration in the presence of benzene, CO2 is the concentration of oxygen in solution, t is 
time, kp is the rate constant of the reaction of benzene with hydroxyl radicals, kD is the rate 
constant of the reaction of phenol with hydroxyl radicals, kB2 is the rate constant of the reaction 
of hydroxycyclohexadienyl radical with a hydroxyl radical, kB3 is the rate constant for the 
reaction of the hydroxycyclohexadienyl radical with oxygen, and kC is the rate constant for 
biphenyl formation from dimerization. 
It should be noted that the concentration of both benzene (13.2 mM) and hydrogen 
peroxide (3.2 mM) used in these experiments are higher than what typically exists in the 
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environment. We used higher concentrations so that products that form in low concentrations, 
such as biphenyl, could be followed throughout the experiment, thus allowing for a more reliable 
analysis within this model study. Even in a polluted urban environment such as Delhi, India, with 
an atmospheric concentration of benzene of 0.43-2.2 µmol·m-3,55 the air-water partition 
coefficient would estimate an aqueous concentration of benzene during a fog event of 
approximately 0.012 µM.104 However, higher cloud water concentrations than Henry’s Law 
predicts of toluene, ethyl benzene, and xylene have been observed.105 This suggests that the fog 
water concentration of benzene could be higher than the Henry’s Law constant estimate.  
In order to test the effect of reactant concentration, we performed additional experiments 
with lower concentrations of both benzene (40.7 µM) and hydrogen peroxide (3.3 µM). Similar 
to all other experiments in this study, the concentration of benzene in this experiment is greater 
than the concentration of hydrogen peroxide; hence, the benzene concentration remained 
constant throughout the reaction.  
When we compared initial rates (Ri) of the high and low concentration experiments, we 
found that at the higher concentration, the initial rate (Ri=9.85±0.45×10
-5) surpassed the one of 
the low concentration experiment (Ri=2.06±0.10×10
-5) by a factor of 4.77.  Likewise, the ratio of 
the product of the initial concentration of the reactants in the high concentration experiment to 
the product of the initial concentration of the reactants in the low concentration experiment is 
3.00. Thus, the product ratio is kinetically related to the rate ration, as expected. Had these two 
ratios differed significantly from each other, the mechanism would not correspond to both higher 
and lower concentrations. However, based on these observations, we can conclude that even 
though the concentration levels in this study exceed usual environmental conditions, the 
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mechanism drawn from our experiments will be applicable at environmentally relevant 
concentrations. 
3.3 Effect of Temperature 
We calculated three apparent rate constants, k’p, k’D, and k’C, and the overall yield for all 
temperatures. From 10°C to 32°C, the yield for phenol increased by 67.4%, k’p increased by a 
factor of 3.8, and k’D increased by a factor of 6.0. The apparent activation energy for the reaction 
of benzene with hydroxyl radicals and phenol with hydroxyl radicals was 50.3±2.5 kJ·mol-1 and 
63.3±2.3 kJ·mol-1, respectively, as obtained from the respective apparent rate constant variations 
with temperature. Figure 7 shows the linear dependence of biphenyl yield on temperature, 
ranging from 15°C to 32°C. 
 
Figure 7: Dependence of biphenyl yield on temperature (I=0 eq·L-1). 
Time (minutes)







































































































The apparent activation energy for biphenyl was 83.6±34 kJ·mol-1. The error associated with the 
activation energy of biphenyl is large because biphenyl was only observed in the higher 
temperature experiments (biphenyl is below the LOD at 10°C and only detectable at 180 minutes 
at 15°C) and therefore had less data points associated to it than phenol, as seen in Figure 7.  
3.4 Effect of Oxygen 
Figure 8 shows the concentration of benzene, phenol, and biphenyl, each plotted against time for 
both the air-saturated solution and the oxygen-free solution. It is apparent that the concentration 
of benzene remains approximately constant throughout the reaction. This is reinforced by the low 
product yields of both phenol (2.4%) and biphenyl (0.0019%).   
However, it is also clear that phenol has a 5% increase in yield in the oxygen-free 
solution compared to the air-saturated solution, and is coupled with a 124% increase in apparent 
rate constant for phenol degradation. This can be explained by the increased production of 
hydroxyl radicals and steady state hydroxyl radical concentration in the oxygen-free solution 
(POH=1.62±0.20 µM·min
-1; [OH]’ss=3.38±0.25×10
-10 µM) compared to the air-saturated solution 
(POH=1.24±0.08 µM·min
-1; [OH]’ss=2.16±0.05×10
-10 µM). Thus, there is a 30.6% increase in 
POH and a 56.48% increase in [OH]’ss. Since [OH]’ss is known for these experiments, a more 
detailed description of the rate constants can be obtained, as seen with kp and kD in Table 5. 
kp decreases by 8.7% and that kD increases by 43.3% in the oxygen-free solution 
compared to the oxygen-saturated solution. However, the apparent rate constants, k’p and k’D, are 
44.1% and 41.4%, respectively higher in the oxygen-free solution. In solution, the reaction of the 
hydroxycyclohexadienyl radical with oxygen (kB3=3.0±0.4×10
4 μM-1·min-1) is the favored 
reaction pathway in the presence of oxygen.78 Disproportionation is less likely to occur because 




Figure 8: Concentration of benzene, phenol, and biphenyl during the reaction in an air-saturated 
or an oxygen-free solution (T=23°C, I=0 eq·L-1). 
significant. Phenol yield does not significantly change when oxygen is removed from the system. 


















































































































































































an increase in both k’p (formation of the hydroxycyclohexadienyl radical) and k’D (destruction of 
phenol, Equation (VI)); thus, we only observe a 5% increase in phenol yield.  
Table 5: [OH]'ss, k’p, kp, k’D and kD for oxygen-saturated and oxygen-free solutions of benzene 
(13.2 mM, T=23°C). 















Air-saturated 2.16 ± 0.05 1.02 ± 0.05  4.73 ± 0.26  2.90 ± 0.10  1.34 ± 0.06  
Oxygen-free 3.38 ± 0.25  1.47 ± 0.19  4.35 ± 0.64  4.10 ± 0.20  1.92 ± 0.25  
Biphenyl yield increased by a factor of 50 in the oxygen-free solution when compared to 
the air-saturated solution. The substantial increase in biphenyl yield can be explained with a 
closer look at the kinetic evaluation. From the kinetic evaluation of the proposed mechanism 
(Appendix B, Equation (XXIX)), we have: 
𝑘𝐶






𝑘𝐶  (VIII) 









For the oxygen-saturated experiment, no terms can be removed from Equation (VIII). 
However, we know [OH]’ss, k’C, and kp from experiment and CO2
106 and kB3
78 from literature. 
Hence, between Equation (VIII) and Equation (IX) there are only two unknowns:  kC and kB2. 
Solving this system of equations, allows us to estimate both constants: kB2=5.32×10
15 μM-1·min-1 
and kC=1.45×10
10 μM-1·min-1. Even though the calculated rate constants associated with the 




5:1. Therefore, when oxygen is present in the system, the reaction 
pathway of phenol formation from oxygen is dominant over all other pathways.71-73 By inserting 
the calculated rate constants, kp, kB2, kB3, and kC, and the values of CO2 (268 µM) and [OH]’ss 
(2.16±0.051 µM for the air-saturated solution) into the k’C expression, we find that k’C,O2 Free is 
1.93×10-10 µM-1min-1 and k’C,O2 Sat is 3.57×10
-12 µM-1min-1. The ratio of (k’C,O2 Free:k’C,O2 Sat) is 
54:1; hence, this explains why the biphenyl yield increases by a factor of 50 in the oxygen-free 
solution when compared to the air-saturated solution (Figure 8). 
Thus the enhancement of yield and apparent reaction rate constant for phenol and 
biphenyl in the oxygen-free solution can be partly attributed to the increased hydroxyl radical 
concentration. Removing oxygen eliminates a major reaction pathway, allowing for more 
hydroxycyclohexadienyl-radical-hydroxycyclohexadienyl-radical-interactions, and thus more 
biphenyl formation than in an oxygen-saturated solution.  
3.5 Effect of Ionic Strength  
The effect of ionic strength was tested to observe the differences between fresh water and 
moderate ionic strength environments such as atmospheric fog waters.6-9 The lower ionic 
strength values correspond to conditions similar to those found in fog water, 0.0011 eq·L-1 ≤ I ≤ 
0.078 eq·L-1, whereas the higher values of ionic strength, although not typical in the natural 
environment, were examined in order to see the extent of the effect ionic strength has on the 
degradation of benzene. Figure 9 shows the observed rate constants, k’p, k’D, and k’C, at each 
ionic strength value. 
 Within the bounds of error, no significant change in k’p was observed over this ionic 
strength range. Therefore, the reaction of benzene with hydroxyl radicals is not significantly 
affected by increased ionic strength in the system. On the other hand, there is a 41% increase in 
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k’D up to 0.17 eq·L
-1, but no significant change in k’D between a 0.17 eq·L
-1 and 0.86 eq·L-1 
solution. Similarly, k’C followed a similar trend (49% increase) as k’D (phenol degradation). The 
rate of biphenyl formation increased (29%) between 0.17 eq·L-1 and 0.86 eq·L-1 solution. 
 
Figure 9: Dependence of ionic strength on apparent rate constants, k'p, k'D, and k'C (T=23°C). 
Figure 9 reveals that the rate constants of phenol degradation and biphenyl formation 
follow a similar trend as the solution increases in ionic strength. From the hydroxyl radical 
analysis, we observe a slight increase in POH (15%) and [OH]’ss (1.4%) in the 0.6 eq·L
-1 ionic 
strength solution in comparison to the air-saturated, zero ionic strength solution. However, there 
is a 41.4% and 95.0% increase in the apparent rate for phenol degradation and biphenyl 
production, respectively, in the 0.6 eq·L-1 solution. The slight increase in [OH]’ss does not fully 
account for these increases in apparent rate. When the ionic strength of a solution increases, 
oxygen solubility decreases.106 As seen in the oxygen-free experiments, removing oxygen in the 






































































































































with oxygen, the 0.6 eq·L-1 solution has 23% less oxygen dissolved than the 0 eq·L-1 solution. 
Therefore, we evaluated the ratio of k’C, I=0.6:k’C, I=0 to be 1.80:1, or an 80.0% increase, which 
agrees with the 94.5% observed increase in the rate constant. This suggests that the decreased 
oxygen content in an increased ionic strength solution causes the biphenyl formation rate to 
increase. Since the apparent rate constants of phenol degradation and biphenyl formation follow 
the same trend, this implies that the reaction mechanism does not change with the increase of 
ionic strength. Because typical fog water has an ionic strength in the range of 0.0011-0.078 eq·L-
1,6-9 we expect to see slightly elevated apparent rate constants and yield for phenol and biphenyl 
in fog water solutions when compared to low ionic strength fresh waters.2,16  
3.6 Effect of pH 
The initial pH of the 0 eq·L-1 and 0.02 eq·L-1 ionic strength solution was adjusted to both acidic 
and basic conditions in order to model the typical pH range of fog waters, 2.4-7.2,6-9 Three 
different cases were examined:  acidic (HCl addition), neutral (no adjustment), and basic (NaOH 
addition). Figure 10 shows the apparent rate constants, k’p, k’D, and k’C, for phenol and biphenyl 
at the three pH values tested at each value of ionic strength.  
Figure 10 is an illustration that k’p does not change significantly for both cases of ionic 
strength. This finding agrees with the previously observed results of the ionic strength 
experiments (Section 3.5), which started at a neutral initial pH. The apparent rate constant for 
phenol degradation reveals no change in the zero ionic strength solution when the initial pH is 
acidic or neutral; the apparent rate constant decreases by 21.7% when the initial pH is basic.  
For the 0.02 eq·L-1 ionic strength solution, there is no significant change in the apparent 




Figure 10: Effect on pH on apparent rate constants, k’p, k’D, and k’C, at I=0 eq·L
-1 and I=0.02 
eq·L-1 (T=23°C).  
the pH increases for the zero ionic strength solution and I=0.02 eq·L-1 solution, respectively. 
Similar to the ionic strength experiments, we also observe a higher apparent rate of biphenyl 
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Figure 11 is a display of the dependence of biphenyl concentration with time for three 
different initial pH values. Under further examination of Figure 11, we observed that the onset of 
biphenyl formation also depended on initial pH; hence, biphenyl was formed in detectable 
concentrations at earlier time points for solutions with lower initial pH values. For the acidic 
solutions, we detected biphenyl at 5 minutes, the first data point post irradiation. Similarly, in 
neutral solutions, biphenyl first appeared at 60 minutes, and in the basic solutions, biphenyl first 
appeared at 90 minutes.  
 
Figure 11: Dependence of pH on biphenyl yield (T=23°C, I=0 eq·L-1). 
In each experiment, we also found that the pH of the solution decreased during the 
reaction; hence, the pH post reaction was always 4.32±0.02, except when the initial pH was 
already acidic (e.g. 3.35). The pH in the initially acidic solutions did not decrease further. The 
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general decrease in pH can be attributed to the formation of additional acidic products from the 
further oxidation of phenol.69  
When the pH was measured throughout the experiment, it was observed that a pH range 
of 4.50-4.80 is needed for biphenyl to form in detectable concentrations. Since the initial pH of 
the acidic solution (pH=3.35) is well below this pH value, biphenyl forms shortly after 
irradiation. The reaction takes longer to form biphenyl in detectable concentrations in the higher 
pH solutions (e.g. pH=6.35 and 7.98) because additional acidic products must be formed before 
the lower pH range of 4.50-4.80 can be obtained. 
The delayed onset of biphenyl formation was also observed at different temperatures. 
Biphenyl was not observed during the 10°C experiment and was only observed after three hours 
in the 15°C experiment (Figure 7). We did not detect biphenyl (LOD for biphenyl is 1.52×10-3 
μM) until the phenol concentration was at least 139.7±4.6 μM. At this concentration of phenol, 
enough of its oxidation products formed, which allowed for the pH to fall within the range 
favorable for biphenyl formation, 4.50-4.80. Because the maximum phenol concentration in the 
10°C experiment was only 108.3±6.3 μM, this pH range was not obtained, and thus biphenyl did 
not form. Removing oxygen from the system did not affect the onset of biphenyl formation 
because the decrease in pH is not affected when oxygen is removed. Thus, the pH needed for the 
significant formation of biphenyl was reached at the same time in both air-saturated and oxygen-
free solutions. The pH in the low concentration experiment remained constant throughout the 
reaction (pH=5.64±0.14), and thus we did not observe biphenyl in this experiment. We 
performed an additional low concentration experiment with an initial pH of 3.64 and biphenyl 
was observed, but only in very low concentrations.  
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The effect of pH on biphenyl formation can be explained at a molecular level. In a bulk 
aqueous solution, photoionized benzene and water form benzene-water cluster cations ([C6H6-
(H2O)n]
+, n=1-23), where n is the number of water molecules.107 Microscopic water clusters have 
a H3O
+ ion core and formation of these clusters occurs in three phases:  chain (n≤10), net 
(10≈n≈20), and cage (n≥21). In small water clusters (n<8), a benzene moiety, such as a phenyl 
radical or a hydroxycyclohexadienyl radical, may directly coordinate to this ion core via a σ-type 
hydrogen bond. However, in bulk aqueous solutions (n=21), water molecules form a distinct 
hydrogen bond network, which pushes the benzene moiety towards the cluster surface.107 This 
sheds light on why biphenyl formation is dependent on an acidic pH:  when the pH is low in a 
bulk aqueous system, benzene moieties are forced outside of the solvent cage. Since there are 
more opportunities for benzene-benzene interactions, biphenyl formation can occur. 
The immediate biphenyl formation under acidic conditions is interesting for atmospheric 
waters, such as fog waters, which have moderate ionic strengths and potentially low pH, 
especially at the air-water interface. This implies that favorable conditions are likely in the 
environment for biphenyl formation from benzene, which is enhanced by an increased ionic 
strength and a decreased pH. Since reactions within atmospheric droplets depend on conditions 
in the bulk phase and at the surface, the high specific surface areas provided by small droplets in 
the atmosphere can enhance the effect of surface reactions.  
3.7 Summary 
Benzene degradation by hydroxyl radicals (k’p) is affected by temperature, but shows no 
significant difference in the ionic strength range (0-0.86 eq·L-1) and pH range (3.31-7.98) tested. 
However, salinity and pH were shown to affect both phenol degradation (k’D) and biphenyl 
formation (k’C). Removing oxygen from the solution increased the apparent rate constant and 
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overall yield of phenol degradation by 124% and 5%, respectively, and biphenyl yield was 
increased by a factor of 50. When oxygen is saturated in solution, the reaction of oxygen with the 
hydroxycyclohexadienyl radical dominates because the concentration of oxygen is much greater 
than the steady state concentration of hydroxyl radicals. However, removing oxygen opens up 
the ability for additional reaction pathways to hold more significance. Hence, we observed a 
higher concentration of biphenyl in the oxygen-free solution than in the oxygen-saturated 
solution, and the overall yield of phenol did not significantly change because the other phenol 
formation pathways compensated for the removal of oxygen.  
Increasing the ionic strength from 0 eq·L-1 to 0.86 eq·L-1 increased the rate of phenol 
degradation by 44.8% and the rate of biphenyl formation by 102%. Although ionic strength 
conditions as high as 0.86 eq·L-1 are uncommon for the atmosphere, a 41.4% increase in phenol 
degradation and a 56.0% increase in biphenyl formation occurred in comparison of a 0 eq·L-1 
solution to a 0.17 eq·L-1 solution, conditions which are representative of the environment. As 
ionic strength increases, the solubility of oxygen decreases; hence, the increase in apparent rate 
at higher ionic strengths is attributed to a decrease in oxygen in the system. As seen with the 
oxygen-free experiments, reaction pathways that generally are minimal in the presence of 
oxygen become more significant. Therefore, fog events, which exhibit moderate ionic strength, 
are expected to experience higher reaction rates than events with lower ionic strengths. 
Adjusting the pH of the initial solution from basic (7.98, I=0 eq·L-1 or 6.98, I=0.02 eq·L-1) 
to more acidic (3.35, I=0 eq·L-1 or 3.31, I=0.02 eq·L-1) conditions had minimal effect on the 
overall apparent rate constant for both phenol and biphenyl. Although the pH may initially be 
more basic, the pH of the solution decreases over the span of the reaction due to the formation of 
acidic products from the oxidation of phenol. For example, the pH of an initial basic solution 
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with 0 M ionic strength decreased from 7.98 to 4.33 over the span of the reaction. This decrease 
in pH coincides with the onset of biphenyl formation; hence, when the pH reaches a value in the 




4. BENZENE WITH HYDROXYL RADICALS AT THE AIR-WATER 
INTERFACEj 
This chapter focuses on the experiments performed using the thin film reactor, as described in 
Section 2.2. The purpose of these experiments was to examine the reaction of benzene with 
hydroxyl radicals at various film thicknesses at conditions typical of fog events in the Gulf of 
Mexico region. By reducing the film thickness, we become closer in modelling reactions on a 
fog droplet, as the diameter for these hydrometeors is inherently small. 
4.1 Data Analysis  
The same simplified kinetic expressions derived for phenol and biphenyl, Equation (VI) and 
Equation (VII) (as described in Appendix B), respectively, that was used in the bulk phase 
reactor experiments (Section 3) were used for analysis of the thin film reactor experiments. As 
with the bulk phase reactor experiments, several assumptions were used to obtain the above 
simplified kinetic expressions from the full kinetic expressions. First, it was assumed that the rate 
of disproportionation for the formation of phenol was negligible due to steric hindrance.70 
Second, as in previous works, it was assumed that the radical species, the hydroxyl radical and 
the hydroxycyclohexadienyl radical, CR, were both at a steady state throughout the 
reaction.52,101,102 Finally, it was assumed that the concentration of benzene remained constant 
throughout each experiment, as benzene was constantly replenished in the gas phase with the 
carrier gas through the double-channeled bubbler. Thus, we assume that CA=CA0=constant, 
further simplifying the rate expression. 
                                                 
j Chapter 4 previously appeared in: Heath, A.A., Valsaraj, K.T., “Effects of Temperature, Oxygen Level, Ionic 
Strength, and pH on the Reaction of Benzene with Hydroxyl Radicals at the Air-Water Interface in Comparison to 
the Bulk Aqueous Phase” Journal of Physical Chemistry A (in press) doi: 10.1021/acs.jpca.5b05152. It is reprinted 
with permission of the American Chemical Society © 2015 in the format Thesis/Dissertation, as shown in the 
permission letter in Appendix F. 
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 Values of the rate constants were obtained by plotting the concentration of phenol or 
biphenyl versus time and modeling the data using the “Exponential Rise to Maximum: Single, 2 
Parameter” and “Polynomial: Linear” expressions, respectively, in SigmaPlot 12.5.  
4.2 Effect of Film Thickness 
The effect of film thickness was studied by comparing k’D and k’p at several film thicknesses (δ = 
77.2, 86.6, 135.1, 193.1, and 386.2 µm) in pure LC-MS grade water at 20°C under air-saturated 
conditions. Rate constants for k’D and k’p for the effect of film thickness experiments are shown 
in Table 6. 
Table 6: k’p and k’D at five different film thicknesses in a pure LC-MS grade water solution 
under air-saturated conditions at 20°C. 
Thickness (µm) k’p (min
-1) k’D (min
-1) 
77.2 1.27 ± 0.56 × 10-3 5.10 ± 0.50 × 10-3 
86.6 4.94 ± 3.00 × 10-4 3.40 ± 1.50 × 10-3 
135.1 3.20 ± 1.02 × 10-4 1.80 ± 0.60 × 10-3 
193.1 3.87 ± 1.93 × 10-4 1.70 ± 0.70 × 10-3 
386.2 2.22 ± 1.34 × 10-4 1.50 ± 0.30 × 10-3 
From Table 6, it is apparent that for all film thicknesses, k’D is higher than k’p. This agrees with 
previous data for the reactions of phenol and benzene with hydroxyl radicals in the bulk aqueous 
phase.59 However, for both k’D and k’p, the rate constant is much higher for the thinner films as 
opposed to the thicker films. We observed a 472% and 240% increase in k’p and k’D, 
respectively, when the film thickness is reduced from 386.2 µm to 77.2 µm.  
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 It has been shown that rate constants like k’p and k’D can be described as a combination of 
bulk phase and interfacial rate constants.51,108 The more detailed evaluation of k’p and k’D is 



















Where k’1p and k’1D are the bulk phase contributions to k’p and k’D, respectively, k’2p and k’2D are 
the interfacial contributions to k’p and k’D, respectively, KσA is the air-water interface partition 
constant, KWA is the air-bulk water partition constant, and δ is the film thickness. KWA for benzene 
at 25°C was estimated from the temperature dependent expression, 𝐾𝑊𝐴








where R is gas constant (8.205×10-5 atm·m3·K-1·mol-1), T is temperature in Kelvin, and A and B 
are constants for a given compound.1 For benzene, A and B are 5.534 and 3194, respectively.1 
This results with a KWA of 5.15 for benzene at 20°C. To our knowledge, no temperature 
dependent expression exists for KσA. However, several studies have calculated this value at 
25°C,108-110 and Braunt and Conklin found values for KσA at several different temperatures, 
including 18.2°C, at which KσA was found to be 0.62 µm.
109 Since this is the closest temperature 
to our experimental temperature value of 25°C, this value for KσA was used to estimate the k’2p 
and k’2D calculations. 
 The individual contributions to the rate constants are obtained by plotting the rate 
constants against the inverse film thickness, as shown for both k’p and k’D in Figure 12. To 
calculate the individual rate constant values, the data was fitted with the “Exponential Growth: 
Single, 3-Parameter” function on SigmaPlot 12.5. The following expressions were obtained for 
k’p and k’D: 𝑘𝑝
′ = 0.0003 + 1.512 × 10−10𝑒
1217.8
𝛿  and 𝑘𝐷
′ = 0.0016 + 4.826 × 10−6𝑒
509.5




Figure 12: k’p and k’D plotted against inverse film thickness in order to obtain the bulk phase 
(k’1p and k’1D) and interfacial phase (k’2p and k’2D) contributions to the rate constants. 
Values for k’1p and k’1D were obtained by finding the limit of both k’p and k’D as the inverse film 
thickness approaches 0: in effect, the y-intercept. k’2p and k’2D were estimated by finding the 
derivative (slope) of the curve of k’p and k’D at the smallest film thickness (δ =77.2 µm) 

























































film thickness for the benzene concentration in the aqueous phase. Thus, we used this value to 
estimate the interfacial rate constant. From the data obtained, it is expected that the value for k’2p 
and k’2D would grow exponentially higher as the film thickness continued to decrease. The 
calculated values for k’1p, k’2p, k’1D, and k’2D are shown in Table 7. 
Table 7: Calculated values for k’1p, k’2p, k’1D, and k’2D on a pure LC-MS grade water solution at 




-1) (at δ=77.2 µm) k’1D (min
-1) k’2D (min
-1) (at δ=77.2 µm) 
3.0 ± 0.5 × 10-4 10.8 ± 3.1 1.6 ± 0.2 × 10-3 15.0 ± 3.8 
 Again, we observe higher values for k’1D than k’1p, the bulk phase contribution to the rate 
constants, but this agrees with the literature data on the reaction of phenol and benzene with 
hydroxyl radicals in the bulk aqueous phase.59 Conversely, within the bounds of error, there is no 
significant difference between k’2D and k’2p. That said, the rate constants corresponding to the 
interface are 4-5 orders of magnitude higher than the rate constants associated with the bulk 
aqueous phase. This indicates that when the film thickness is low (< 100 µm), higher rates will 





) is larger than the bulk phase term 
(k’1p). When film thickness becomes large, the interfacial term becomes negligible and only 
results from the bulk phase term are observed.  
4.3 Effect of Temperature 
In order to observe the effect of temperature on the system, the same experiments performed in 
Section 4.2 were redone at both 5°C and 10°C. This particular temperature range was tested 
because it resembles similar conditions observed in fog events in the Gulf of Mexico region of 
the United States, which is favored to have multiple heavy fog events throughout the year.97 For 
48 
 
the lower temperature experiments, the δ =386.2 µm experiments were not performed because 
the results in the 20°C at δ =386.2 µm and δ =193.1 µm were very similar. Figure 13 is an 
example comparison of the concentration of phenol over the span of three hours on a single slide 
volume (δ =193.1 µm) at the three different temperatures. 
 
Figure 13: Concentration of phenol in the reaction of benzene with hydrogen peroxide in the 
presence of UVB lights on pure LC-MS grade water over the span of three hours under air-
saturated conditions.k  
 As expected, the rates decrease when the temperature decreases. However, the trend for 
phenol production in the 5°C and 10°C experiments is decidedly more linear. It is also apparent 
that less phenol is produced when the temperature is reduced. In total, the concentration of 
phenol in the 5°C and 10°C experiments only averaged 56% of the phenol produced in the 25°C 
experiment. 
                                                 
k The film thickness tested in all three experiments shown here was δ=193.1 µm. 
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Since we are only observing the linear range of phenol production in the 5°C and 10°C 
experiments, it is likely that 3 hours is not enough time to see the full phenol reaction; hence, a 
linear expression can indicate that phenol is only produced and has not significantly reacted 
away (k’D≈0). We are likely seeing this linear trend in the colder experiments because less 
phenol is formed overall at a much slower rate. In order to compare all three temperatures with 
the same rate expression, we examined the initial rates. In doing so, we studied the linear portion 
of phenol production (up to 90 minutes) of each film thickness at each temperature. When k’D≈0, 




′ 𝑡 (XII) 
Using Equation (XII), we solved for k’p at each temperature and thickness. The results from 
Equation (XII) are shown in Figure 14. 
 
Figure 14: k’p derived from the initial rates (up to 90 minutes) for δ = 77.2 µm, 86.6 µm, 135.1 
µm, and 193.1 µm tested at 5°C, 10°C, 20°C. 
Film Thickness (µm)



































 The change in initial k’p was most apparent for the 20°C experiment, with the rate 
constant increasing by 189% as the film thickness decreased from 86.6 µm to 77.2 µm. 
Nevertheless, there was some increase in rate constant associated with the cooler temperatures as 
k’p increased by 11% and 45% for the 10°C and 5°C experiments, respectively, when the film 
thickness decreased from 86.6 µm to 77.2 µm. The calculated values of initial k’p were used to 
obtain initial activation energies and pre-exponential factors from the Arrhenius expression for 
each film thickness tested, as shown in Table 8.  
Table 8: Activation energies and pre-exponential factors calculated from initial k’p found at 
T=5°C, 10°C, and 20°C at δ = 77.2 µm, 86.6 µm, 135.1 µm, and 193.1 µm. 
Film Thickness (µm) Activation Energy (kJ·mol-1) Pre-exponential Factor (min-1) 
77.2 119.2 ± 27.8 1.9×1018 ± 5.3×1017 
86.6 83.6 ± 2.0 3.3×1011 ± 1.1×1010 
135.1 71.5 ± 8.0 1.7×109 ± 2.7×108 
193.1 75.6 ± 9.6 1.1×1010 ± 1.9×109 
 It is apparent that the activation energy for the smallest film thickness (δ = 77.2 µm) is 
1.4 times higher than the average activation energies obtained at the other film thicknesses, but 
within the bounds of error, this increase is not significant. However, the pre-exponential factor, 
or frequency factor, is 7-9 orders of magnitude higher at the smallest film thickness in 
comparison to the other film thicknesses. This signifies that there was a significantly higher 
number of collisions when film thickness was reduced, which counteracted the slightly higher 
activation energy encountered with the smaller film thicknesses. The higher frequency factor at 
the lower film thickness occurs partly because there is a higher concentration of both benzene 
and hydroxyl radicals at the interface.32-34 Because this high concentration of compounds at the 
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interface is only partially solvated, collisions can occur much more quickly; thus, we observe 
higher frequency factors and consequently, higher reaction rates, when the film thickness is 
reduced.1,32,33,49,50 When the film thickness increases, the reactions in the bulk aqueous phase 
dominate (Equations X-XI). Under bulk aqueous phase conditions, fewer collisions will occur 
because the majority of the reactant species are completely solvated and they must first diffuse 
together for the reaction to occur; consequently, these reactions occur at a slower rate. It should 
also be noted that no significant biphenyl formation occurred in these experiments. 
4.4 Effect of Ionic Strength and pH 
The effect of ionic strength was studied by comparing k’D and k’p at film thicknesses of 77.2 µm 
and 193.1 µm in solutions of pure LC-MS grade water (pH = 5.68) and 0.025 M ammonium 
sulfate in LC-MS grade water (pH = 5.64) at 20°C. Thus, we created a solution with a 
moderately high ionic strength for what is typical of fog water in order to identify the influence 
of ionic strength on reaction rate, if any.5-9 Ammonium sulfate was used in this study as the ion 
source because it is the most common salt in fog water.5-9 Although it has been shown that 
anionic halides,35-39 show an affinity to congregate at the interface, sulfate has the opposite 
effect, in that these ions concentrate away from the surface.40 This repulsion phenomenon causes 
the interfacial region to thicken, which in turn changes the surface chemistry. 
 The effect of pH was measured by also comparing k’D and k’p at film thicknesses of 77.2 
µm and 193.1 µm at 20°C in solutions of LC-MS grade water with no ionic addition (pH = 5.68), 
the addition of sulfuric acid (pH = 3.20), and the addition of ammonium hydroxide (pH = 7.35). 
Hence, the pH values of the stock solutions that we chose fell into the typical fog water range.5-9 
Nevertheless, it has also been shown that surface pH differs from the pH of the bulk aqueous 
phase, but how acidic or basic the interface actually is remains debatable.41-44 Therefore, it is 
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important to test pH values at both bulk and interfacial conditions to observe if this change in pH 
contributes to the reaction rate. 
 The film thicknesses of only 77.2 µm and 193.1 µm were tested to show the extremes of 
the two regimes. Thus, by testing the two slide volumes, we could obtain both the effect of film 
thickness and the effect of ionic strength and pH by comparing each film thickness to its 
respective neutral experiment counterpart. The comparison of ionic strength and pH at the two 
film thicknesses is shown in Figure 15. 
 
Figure 15: Rate constants at film thicknesses of 77.2 µm and 193.1 µm at various pH values and 
ionic strengths. Rate constants for k’D and k’p are shown on the left-hand and right-hand sides of 
the figure, respectively. 
  
 
 It is apparent from Figure 15 that within the error limits, there is generally no significant 
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observed that k’D averaged 5.08±0.34×10
-3 min-1 and 2.45±0.79×10-3 min-1 when the film 
thickness was 77.2 µm and 193.1, respectively. Similarly, k’p averaged 1.11±0.40×10
-3 min-1 and 
3.28±0.49×10-4 min-1 when the film thickness was 77.2 µm and 193.1, respectively. However, as 
we had seen in all other experiments, reducing the film thickness causes both k’D and k’p to 
increase by a considerable amount. In particular, k’D increased by 135%, 164%, 257%, and 164% 
and k’p increased by 349%, 44%, 183%, and 119% when the film thickness was reduced from 
193.1 µm to 77.2 µm in the ionic strength experiment (I=0.025 M, pH=5.64), the acidic 
experiment (pH=3.20), the neutral experiment (pH=5.68), and the basic experiment (pH=7.36), 
respectively.  
Since sulfate ions have been shown to repel from the surface and congregate in the bulk 
aqueous phase,40 an enhancement in rate constant due to increased ionic strength at the interface 
would be unlikely since it is effectively pure water, at least for the ionic strength concentrations 
typical of fog events. Previous studies in the bulk aqueous phase in a batch reactor have shown 
that reaction rates increase with ionic strength predominantly due to the reduced oxygen 
solubility that is associated with higher ionic strength solutions.52 For this current study, air was 
constantly flowing into the reactor so there was no resulting oxygen deficit, and the 
concentrations of ammonium sulfate added were likely not high enough to observe any effect in 
the bulk aqueous phase.  
 When the pH of the system was reduced to 3.20, a 100% increase in k’D for the bulk 
aqueous phase was observed (Figure 15), which agreed with previous work on this reaction 
under bulk phase conditions when HCl was added to decrease pH value.52 However, this increase 
in rate constant with decreasing pH was not observed for k’p. Moreover, when the film thickness 
was reduced in this study, the rate enhancement associated with the decrease in pH was not 
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observed for either k’p or k’D. Although all rate constants increased when film thickness was 
reduced, there was no significant difference between each condition. This similarity could 
potentially stem from the observation that the pH of the interface differs from that of the bulk 
phase; hence, the interfacial pH may be similar for all experiments in this study and, therefore, 
no enhancement in rate from pH was detected. Additionally, ammonium hydroxide and sulfuric 
acid were used to adjust the pH in this study. Although ammonium ions do penetrate relatively 
closer to the surface than other cation species, sulfate ions congregate in the bulk phase, which, 
as we observed, caused no significant effect on the overall reaction rate in this study.40 
Therefore, due to the particular surface chemistry of these compounds, the use of this acid and 
base may have limited the overall effectiveness of pH in affecting the reaction rates. However, 
the overall increase in reaction rate for both k’p and k’D at the lower film thickness indicates that 
even with these changes in surface chemistry, the affinity for benzene and hydroxyl radicals to 
collect at the interface dictates the system’s kinetics. 
 It should also be noted that for all film thicknesses, k’D was greater than k’p, which was 
observed in all experiments performed in this study and in literature.59 No biphenyl formation 
was observed in these experiments. 
4.5 Effect of Oxygen Content 
The effect of oxygen content was studied by comparing k’D and k’p at film thicknesses of 77.2 
µm and 193.1 µm in solutions of pure LC-MS grade water (pH = 5.68) at 20°C. For these 
experiments, the carrier gas was switched to UHP Nitrogen to ensure that the system’s oxygen 
content was minimized. 
 It was observed that the δ =193.1 µm experiment followed the typical trend for phenol 
formation and degradation, with k’p and k’D equaling 2.23±0.77×10
-4 min-1 and 4.20±1.10×10-3 
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min-1, respectively. When compared to the air-saturated experiments at the same film thickness 
(δ =193.1 µm), there was no significant change in k’p within the bounds of error, but there was a 
133% increase in k’D when oxygen was removed. The increase in the phenol degradation rate 
constant in the oxygen-free experiment was coupled with a 59.2% decrease in phenol production. 
A similar result for k’D was observed in our previous bulk aqueous phase study when oxygen 
was removed from the system, where this increase in rate was partly attributed to an increased 
production of hydroxyl radicals from hydrogen peroxide.52 Since more hydroxyl radicals were 
present, there was a greater probability for phenol to react to additional oxidation products. 
However, when the film thickness was reduced to 77.2 µm in this study, the trend for phenol 
formation was more linear than exponential, suggesting here that during the three hour span of 
the reaction, phenol did not significantly degrade at the smaller film thickness. Using Equation 
(XII) results with a k’p of 3.44±0.66×10
-4 min-1. 
 Removing oxygen from the system eliminated the most dominant phenol formation 
reaction pathway.52,78 Previous studies in the bulk aqueous phase have shown that even though 
the rate constant for the reaction of CR with the hydroxyl radical is greater than the reaction of CR 
with oxygen to form phenol, the concentration of oxygen in solution greatly exceeds the steady 
state hydroxyl radical concentration.52 Thus, the reaction pathway with oxygen dominates. 
Removing oxygen can therefore significantly change the overall kinetics of the system, and other 
pathways that are typically minimized become observable. For the δ =77.2 µm experiment, 
where a linear phenol formation trend was observed, the change in rate expression was most 
likely associated when this phenomena. As previously stated (Effect of Film Thickness), we 
observed no significant difference between k’2p and k’2D in the air-saturated experiments. 
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However, removing oxygen could potentially change the kinetics such that k’2p is much greater 
than k’2D, in that during this time span, no significant phenol degradation is observed. 
 Removing oxygen has the potential to affect other reaction pathways as well, not just 
those associated with phenol. For all other experiments in this study, biphenyl was not observed 
at any point in the reaction. However, when oxygen was removed, the pathway for biphenyl 
formation became observable. Figure 16 shows the production of biphenyl over time for δ 
=193.1 µm under oxygen-poor conditions. Although biphenyl was observed in this experiment, 
out of the total amount of product identified, only 0.1% was biphenyl and 99.9% was phenol.  
 
Figure 16: Production of biphenyl under oxygen-poor conditions. Temperature=20°C. δ =193.1 
µm. 
Biphenyl was not observed when the film thickness was reduced to δ =77.2 µm, but this could be 
due to the small slide volume itself and the inherently low concentrations of biphenyl being 
formed during this reaction. Likewise, the kinetics of phenol formation and degradation were 
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drastically different between the two film thicknesses, so it is not unexpected that similar 
differences in the biphenyl reaction were observed as well. 
4.6 Summary 
Rate constants corresponding to the bulk and interfacial contributions to the overall rate 
constants, k’p and k’D, were obtained at 20°C, with the estimated interfacial rate constants 
exceeding the bulk phase rate constants by 4 to 5 orders of magnitude. Moreover, by taking into 
account the initial rates of phenol formation at 5°C, 10°C, and 20°C, activation energy and the 
pre-exponential factor were calculated. Although the initial rate activation energy was highest for 
the thinnest film by a factor of 1.4, the frequency factor was 7 to 9 orders of magnitude higher 
than in the thicker film experiments. The high frequency factor, combined with the higher 
concentrations of benzene and hydroxyl radicals at the interface, explains the higher reaction 
rates observed when film thickness is reduced. Even though increasing ionic strength to 0.025 M 
and adjusting pH in the range of 3.20 to 7.36 had no measurable effect on the overall rate 
constants, reducing the film thickness again greatly increased the reaction rate.  
 The only significant biphenyl formation occurred when oxygen was removed from the 
system. Minimizing oxygen content in the system removes the most dominant phenol formation 
reaction pathway. Thus, less significant reaction pathways, such as the dimerization of the 
hydroxycyclohexadienyl radical to form biphenyl, become observable. Even though oxygen-poor 
atmospheric conditions are not very likely, mechanistically this is an interesting result; hence, 




5. EXPERIMENTAL SETUP FOR FOG WATER STUDYl 
5.1 Sample Collection and Chemical Characterization 
Fourteen individual fog water samples were collected in Baton Rouge, LA between October 
2012 and April 2014. Fog samples were taken in Louisiana State University (LSU) agricultural 
fields in Baton Rouge, LA (30° 22’05.0”N and 91° 22’05.0”W), shown in Figure 17. Since the 
sampling site was also close to both an industrial (10 km) and residential (2 km) area, 
anthropogenic pollution effects could be followed at the ground level.  
 
Figure 17: Location of the fog sampling site in Baton Rouge, LA, signified by the star (maps 
adapted from GoogleMaps). 
                                                 
l Portions of Chapter 5 previously appeared as: Heath, A.A., Vaitilingom, M., Ehrenhauser, F.S., Valsaraj, K.T., 
“Determination of aldehydes and acetone in fog water samples via online concentration and HPLC” Journal of 
Atmospheric Chemistry (In press). It is reprinted with permission of SPRINGER-VERLAG DORDRECHT in the 




The samples in this study were collected using a stainless steel Caltech active strand 
cloudwater collector (ss-CASCC),99,100 which was placed 2 m above ground. A diagram of the 
ss-CASCC is shown in Figure 18. Prior to collection, the collector was cleaned with ultrapure 
water (Direct-Q® 3 Ultrapure Water System with UV oxidation, EMD Millipore, Billerica, MA, 
USA). During sampling, fog droplets entered the collector and impinged upon three separate 
stainless steel wire panels. The fog water droplets then accumulated at the bottom of the collector 
and were funneled into a pre-cleaned 1 L amber bottle (TraceClean Boston Round, VWR 
International, LLC, PA, USA).8  
 
Figure 18: Diagram of the ss-CASCC used to collect fog water samples. 
Immediately after collection, a subsample was taken from the fog water sample and was 
transferred into a glass vial for pH measurement. As with the benzene experiments (Section 2.1.1 
and Section 2.2.1), pH was measured for all fog water samples using a pH meter (Oakton Acorn 
Front view of fan






Series pH 6, Oakton Instruments, Vernon Hills, IL, USA) and a ROSS Ultra Combination pH 
Electrode (ThermoScientific, Beverly, MA, USA). The remaining samples were transferred to 
Purillex™ PFA bottles (Savillex Corporation, MN, USA), flash frozen with liquid nitrogen, and 
stored in a freezer (-20°C) until further analysis.  
The liquid water content (LWC) was estimated for the fog based on the collected sample 
volume over the time and the flow rate through the collector. For this gross estimation, a total 
efficiency of collection was considered; hence, the calculated LWC underestimated the actual 
LWC of the collected fog. Since the values for LWC are only estimations, these values should be 
considered as an indication of fog density, not formal values of the LWC for the collected fog 
water samples. 
5.2 Aldehyde and Acetone Analysis 
5.2.1 Derivatization Solution Preparation 
Free carbonyl compounds can be determined using high performance liquid chromatography 
(HPLC) after derivatization with DNPH. U.S. EPA method 8315A (Procedure 1, derivatization 
and liquid-liquid extraction, EPA 1996) served as the framework for this method, although 
several changes were made to shorten the procedure time, lessen the amount of sample used, and 
improve the overall efficiency of the analytical method.   
 50% 2,4-dinitrophenylhydrazine (Tokyo Chemical Industry Co., LTD, Tokyo, Japan) was 
recrystallized twice from HPLC-grade acetonitrile (J.T. Baker, Center Valley, PA, USA) to 
ensure that the DNPH was pure (checked with HPLC analysis). The recrystallized DNPH was 
then further diluted to a 0.45 mg·mL-1 solution with acetonitrile. The original EPA method called 
for a 3.00 mg·mL-1 solution, but we found that for our fog water samples, this excessive 
concentration of DNPH compromised the chromatogram baseline.  
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A 1 M citric acid solution was prepared from LC-MS grade water (Burdick & Jackson, 
Muskegon, MI, USA) and citric acid, monohydrate (BDH, West Chester, PA, USA). A 1 M 
sodium citrate solution was prepared from LC-MS grade water and sodium citrate dihydrate 
(BDH, West Chester, PA, USA). These two solutions were used to prepare the citrate buffer 
solution, as stated in U.S. EPA Method 8315A and described in Appendix E. The pH of the 
buffer was adjusted to 3.0±0.1 with the addition of either sodium hydroxide (Mallinckrodt Baker, 
Inc., Phillipsburg, NJ, USA) or hydrochloric acid (Mallinckrodt Baker, Inc., Phillipsburg, NJ, 
USA). 
5.2.2 Sample Preparation 
The frozen fog water sample was completely defrosted prior to the derivatization process to 
ensure that the solution was homogeneous. After the frozen fog water sample was completely 
liquefied, 3 mL of the sample was evenly distributed between two 1.5 mL centrifuge tubes 
(Eppendorf, Hauppauge, NY, USA) and centrifuged at 10,000 rpm for 5 minutes. The 
centrifuged fog water was then drawn up via disposable, one-use plastic syringe (BD, Franklin 
Lakes, NJ, USA), filtered through a syringe filter with porosity of 0.22 μm (PTFE filter, Restek 
Corp., Bellefonte, PA, USA), and transferred to an 8 mL amber vial (ThermoScientific, Beverly, 
MA, USA). We added 2.5 mL of the filtered fog water to another pre-weighed 8 mL amber vial, 
which served as the reaction vessel. The citrate buffer (0.1 mL) and the DNPH solution (0.15 
mL) were then added to the filtered fog water. The sealed reaction vessel was then placed in a 
heated water bath (40°C) for 1 hour. Samples were removed from the water bath and allowed to 




 A blank, using LC-MS grade water, was prepared concurrently with each sample, using 
the same process as described in the paragraph above. During HPLC analysis, peak areas found 
in the blank were subtracted out from peak areas found in the natural sample. Formaldehyde and 
acetone were the only compounds detected in the blank samples. The blank peak area for 
formaldehyde averaged only 2.8% of the peak area of the samples in this study. Acetone had a 
much larger variation in concentration; however, the blank peak area for acetone only varied by 
8.8% for all samples. For the samples where the concentration of acetone was above the LOD 
but below 2 µM, the blank peak area averaged 53% of the environmental samples in this study. 
For the samples with larger concentrations, the blank peak area only averaged 5.5% of the 
sample peak area, with some samples having this quantity as low as 0.2%.  The net peak area 
was then used to calculate the carbonyl concentrations in each natural sample. 
5.2.3 HPLC Analysis and Online Concentration System 
The samples were all analyzed using an Agilent 1100 HPLC system. A description of the 
complete HPLC analysis is given in Appendix A, Section A.2. To qualify and calibrate this 
method, T011/IP-6A Aldehyde/Ketone-DNPH Mix standard solution (A/K-DNPH standard) 
(Supelco Analytical, Belefonte, PA, USA) was used, allowing for the determination of 15 
aldehydes and ketones. LOD for each compound was calculated as three times the standard 
deviation and the ordinate section of the calibration curve. A chromatogram using this method 
for the separation of all 15 compounds is depicted in Figure 19. 
The online concentration system consisted of a solid phase extraction on a small guard 
column and direct injection of the extraction column onto the HPLC column. The extraction 
column was a 2.1x10-mm Ultra Aqueous column. This is notable because the Ultra Aqueous 
column, a special octadecyl-type column, can retain organic compounds in 100% aqueous phase, 
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which is a feature that regular octadecyl columns lack. The extraction system consisted of a six-
port-injection valve (Rheodyne 7125, IDEX Health & Science LLC, Rohnert Park CA, USA) 
with a 500-µL or 5000-µL sample loop with an external HPLC pump (ConstaMetric 3200, 
Thermo Separation Products, Waltham, MA, USA) and a six-port-switching valve (Rheodyne 
7000, IDEX Health & Science LLC, Rohnert Park CA, USA) for injection.  
 
Figure 19: Chromatogram of aldehyde/ketone-DNPH derivatives. 
This system is described in further detail elsewhere,103 but, in short, the extraction was 
accomplished by loading a 500-µL sample loop with sample and pushing the sample at relative 
high flow rate of 1 mL·min-1 with 10% (vol/vol) acetonitrile/water through the guard column for 
three minutes. The guard column acted as a solid-phase extraction cartridge and adsorbed all 
hydrophobic material out of the aqueous sample. The guard column was then switched into the 
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analytical HPLC flow stream, running the analytical program as described in Appendix A, 
Section A.2. The calculated void volume of the guard column is 27.7 µL, which is small enough 
to serve as injection volume for the aforementioned 2.1 mm analytical column. Generally, the 
injection band will be even smaller than 27.7 µL as most of the compounds are adsorbed on the 
surface of the octadecyl silica material, which occupies even less volume. When comparing the 
potential to inject up to 5 mL of samples versus the regular 4-µL autosampler injection, a 
concentration factor of 1250 can be achieved. For the presented work, the 500-µL loop was used 
to allow the analysis of the volume-limited fog events. These large-volume injections allowed for 
the avoidance of liquid-liquid extraction, as described in EPA 8315A, as a concentration step, 
and therefore saved considerable time and chemicals. Furthermore, the reduction of the required 
sample volume from 100 mL to 0.5 mL, while keeping or improving the limit of detection, 
allowed for the analysis of fog water samples, where rarely 100 mL solely for carbonyl analysis 
is available. The fog water samples were all treated as described above and each sample was 




6. DETERMINATION OF ALDEHYDES AND KETONES IN FOG WATER 
SAMPLESm 
6.1 Recovery of Online Concentration System 
Recovery of sample out of 0.5-mL injections using the online concentration system was tested 
against 4-µL injections via the HPLC autosampler. A sample of 15 μg·mL-1 A/K-DNPH standard 
was diluted to a concentration of 7.5 μg·mL-1 using LC-MS grade acetonitrile (EMD Chemical 
Inc., NJ, USA) and was injected onto the HPLC column with the autosampler three times. The 
7.5 μg·mL-1 A/K-DNPH standard was diluted 125 times to a concentration of 0.06 μg·mL-1 using 
a 10% (vol/vol) LC-MS grade acetonitrile/90% LC-MS grade water solution.  This sample was 
also injected onto the HPLC column with the online concentration system three times. The 10% 
(vol/vol) LC-MS grade acetonitrile/LC-MS grade water solution was used to simulate the same 
solvent composition that was used in the process for the derivatization of environmental sample. 
 The peak areas from each manual injection were then directly compared to the peak areas 
from the autosampler injection. The recovery of the online concentration system compared to 
autosampler injection was based on the known concentrations and the peak areas. Average 
percent recoveries are shown in Table 9 for all 15 compounds. For most compounds, recovery 
was close to 100%, with values ranging from 83.1% for 2,5-dimethylbenzaldehyde (compound 
15) to 100.8% for acetaldehyde (compound 2), although the majority of compounds in this study 
had percent recovery values between 94% and 100%. Variation between each injection was also 
very small, with the highest standard deviation being for p-tolualdehyde (compound 13) at 2.7%. 
                                                 
m Portions of Chapter 6 previously appeared as: Heath, A.A., Vaitilingom, M., Ehrenhauser, F.S., Valsaraj, K.T., 
“Determination of aldehydes and acetone in fog water samples via online concentration and HPLC” Journal of 
Atmospheric Chemistry (In press). It is reprinted with permission of SPRINGER-VERLAG DORDRECHT in the 
format Thesis/Dissertation via Copyright Clearance Center, as shown in the permission letter in Appendix F. 
66 
 
Low standard deviation between injections indicates an excellent reproducibility of the manual 
injection system. 
Table 9: Average percent recoveries of the online concentration system. 
Compound Number Compound Name Percent Recovery 
1 Formaldehyde 96.9   ± 1.6% 
2 Acetaldehyde 100.8 ± 0.3% 
3 Acetone 96.7   ± 0.9% 
4 Acrolein 100.0 ± 0.9% 
5 Propionaldehyde 98.2   ± 1.1% 
6 Crotonaldehyde 94.7   ± 1.3% 
7 Butyraldehyde 96.7   ± 1.4% 
8 Benzaldehyde 86.4   ± 1.7% 
9 Isovaleraldehyde 96.4   ± 1.7% 
10 Valeraldehyde 94.9   ± 2.0% 
11 o-Tolualdehyde 84.1   ± 1.7% 
12 m-Tolualdehyde 85.0   ± 1.7% 
13 p-Tolualdehyde 84.2   ± 2.7% 
14 Hexaldehyde 88.2   ± 1.8% 
15 2,5-Dimethylbenzaldehyde 83.1   ± 2.4% 
 
6.2 DNPH Derivatization Efficiency  
In the natural fog water samples collected in Baton Rouge, Louisiana, formaldehyde, 
acetaldehyde, acetone, acrolein, butyraldehyde, and benzaldehyde were identified. Thus, the 
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DNPH derivatization procedure was performed on these particular carbonyl compounds to test 
for the individual compound derivatization efficiency.  
 Initial stock solutions (100 μg compound·mL-1 water) of the aldehydes were prepared 
with: butyraldehyde, puriss. grade (Sigma Aldrich Co., MO, USA) and benzaldehyde, purified 
by redistillation (Sigma Aldrich Co., MO, USA) and LC-MS grade water. Fresh ampules of each 
100 μg formaldehyde·mL-1, 1000 μg acetaldehyde·mL-1, 1000 μg acrolein·mL-1, and 10 mg 
acetone·mL-1 in water were purchased (Accustandard, CT, USA) and were opened immediately 
before further dilution and derivatization.  
Using the above stock solutions, the same derivatization process executed on the natural 
samples (Section 5.2.2) was performed on solutions with known concentrations of formaldehyde 
(2.50 μM), acetaldehyde (1.70 μM), acetone (2.95 μM), acrolein (1.34 μM), butyraldehyde (1.04 
μM), and benzaldehyde (0.707 μM). The solvent used for this further dilution and derivatization 
test was artificial fog water adjusted to pH 6 in order to simulate the behavior of aldehydes in the 
natural samples. The components of the artificial fog water are the five major ions found in 
natural samples:97 Cl- (3 mM), NO3
- (3 mM), SO4
2- (2 mM), Na+ (3.325 mM), and NH4
+ (6 mM). 
Blank samples, in this case the artificial fog water without the addition of the aldehydes, were 
also derivatized with DNPH. 
The derivatized samples and blanks were injected with the online concentration system 
onto the HPLC column three and two times, respectively. DNPH derivatization efficiency was 
determined by comparing the aldehyde concentration in the standard to the aldehyde 
concentration found via HPLC. The normalized DNPH derivatization efficiency calculation also 
















Where EDNPH is the DNPH derivatization efficiency, E’DNPH is the normalized DNPH 
derivatization efficiency, CDA is the measured derivatized compound concentration, Ct is the 
initial compound concentration present in the prepared sample, and RMI is the manual injection 
recovery correction factor. Table 10 lists the manual injection efficiency, DNPH derivatization 
efficiency, and normalized DNPH derivatization efficiency for each compound. 
Table 10: Manual injection efficiency, DNPH derivatization efficiency, and normalized DNPH 




% DNPH Derivatization 
Efficiency 
Normalized % DNPH 
Derivatization 
Efficiency 
Formaldehyde 96.9   ± 1.6% 89.8 ± 1.0% 92.3 ± 1.0%  
Acetaldehyde 100.8 ± 0.3% 74.6 ± 0.6% 73.9 ± 0.9% 
Acetone 96.7   ± 0.9% 7.5   ± 0.3% 7.7   ± 0.3% 
Acrolein 100.0 ± 0.9% 8.9   ± 0.1% 8.9   ± 0.1% 
Butyraldehyde 96.7   ± 1.4% 80.4 ± 0.3% 83.2 ± 0.3% 
Benzaldehyde 86.4   ± 1.7% 79.2 ± 2.0% 91.7 ± 2.3% 
 The low derivatization efficiency of both acetone (7.5±0.3%) and acrolein (8.9±0.1%) is 
most likely attributed to the high volatility associated with these compounds. Since the boiling 
points of acetone and acrolein, 56.1°C and 52.0°C, respectively (Table 2), are close to the 
derivatization bath temperature of 40°C, it is possible that these compounds collected in the 
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vial’s headspace during the derivatization, thus lowering the apparent overall derivatization 
efficiency. 
The standard deviation attributed to the DNPH derivatization efficiency is low for all 
compounds, therefore indicating good reproducibility. Although low derivatization efficiencies 
are observed in this study for acetone and acrolein, the standard deviation for acetone and 
acrolein was only 0.3% and 0.1%, respectively. Therefore, the calculated derivatization 
efficiencies are consistent and are solely associated with the derivatization procedure, not the 
injection/concentration procedure. Thus, even with the low derivatization efficiency, the online 
concentration injection system is still a viable method for this type of analysis, as this system 
does not significantly lose any of the aldehyde/ketone-DNPH compound in a given sample 
(Table 9). Additional DNPH derivatization experiments were performed at higher concentrations 
of acetone in artificial fog water to observe if this low derivatization efficiency was consistent 
over a larger concentration range (up to at least 883.5 µM). Since these higher concentrations 
were outside of the linear range of the manual injection method, these samples were injected via 
the HPLC autosampler. Other than the change of injection method, this experiment was identical 
to all other DNPH derivatization efficiency experiments in this study. The DNPH derivatization 
efficiencies for the 147.3 μM and the 883.5 μM acetone solutions were 5.8±0.1% and 
4.3±0.04%, respectively, which is comparable to the values observed at the lower acetone 
concentration (Table 10). Thus, there was no significant change in derivatization efficiency over 
the large observed concentration range. 
For the other aldehydes, the DNPH derivatization efficiency was much higher, as shown 
in Table 10. The slightly lower values for derivatization efficiency for acetaldehyde are also 
likely attributed to its high volatility. As a method comparison for formaldehyde, the 
70 
 
concentration of formaldehyde not derivatized with DNPH was also measured with a 
miniaturized fluorimetric assay,111 and the two values differed by less than 2.8%. This indicates 
that no significant difference exists between the results of the two methods and that the 
procedure outlined in this study is a viable method for formaldehyde determination in fog water. 
Normalized DNPH derivatization efficiency for all other compounds was at least 80%, with the 
majority of aldehydes over 90%. 
6.3 Quantification of Natural Aqueous Samples 
6.3.1 pH and Total Amount Collected 
Table 11 lists the time and date, total fog water mass collected, and pH. The majority of the fog 
events in this study occurred in the fall months, with two events each taking place in the winter 
and spring. Although fog can occur in Baton Rouge year round, events most commonly occur 
from October-December and March-April,97 which is representative of this study. The fog events 
generally began in the early morning hours (around 4:00 a.m.) and dissipated by 9:00 a.m. Only 
two events began closer to the midnight hours. Duration of sampling averaged 4.5 hours for all 
events. Temperature of the events ranged from 6.8°C to 20.2°C (average value: 15.2°C), which is 
also typical of fog events in Baton Rouge.97 Mass of sample collected varied considerably from 
19.2 to 614.9 g (average value: 247.5). However, all but three events had samples exceeding 100 
g of fog water.  
The pH of fog water can vary from acidic (pH 2.3) to slightly basic (7.2).5-9 All samples 
in this study fell within this typical pH range, with the collected fog water pH varying from 5 to 





Table 11: Date, duration, mass, pH, average temperature, and estimated liquid water content of 
the Baton Rouge, LA fog events studied. 








10/05/2012 07:32 10:00 166.4 5.32 20.2 0.058 
10/12/2012 06:39 09:00 26.9 6.67 16.8 0.010 
10/25/2012 04:20 08:50 122.6 6.24 17.1 0.024 
10/26/2012 05:00 09:15 614.9 6.26 17.5 0.125 
11/01/2012 05:55 09:00 265.8 6.03 12.4 0.075 
11/03/2012 04:00 08:40 434.7 6.01 18.9 0.081 
11/28/2012 01:32 08:00 31.3 5.58 6.8 0.004 
12/01/2012 05:40 09:30 19.2 5.68 10.1 0.004 
12/08/2012 00:40 09:07 544.1 5.06 14.4 0.056 
02/05/2013 04:00 09:30 392.3 5.37 13.4 0.062 
10/11/2013 03:32 08:32 216.9 5.31 18.6 0.038 
01/08/2014 05:04 10:13 114.2 5.55 11.4 0.019 
04/12/2014 05:16 10:13 268.5 3.00 17.2 0.047 
04/24/2014 06:23 08:52 246.9 5.58 17.9 0.086 
Average - - 247.5 5.55 15.2 0.049 
Min - - 19.2 3.00 6.8 0.004 
Max - - 614.9 6.67 20.2 0.125 
LOD - - - - - - 
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6.3.2 Aldehyde and Acetone Analysis  
Table 12 lists the concentration of aldehydes and ketones for each fog sample. Concentrations of 
the aldehydes and acetone were calculated using the calibration curve generated by diluting the 
A/K-DNPH standard with a solvent mixture (10:90 vol:vol acetonitrile:water (LC-MS grade)). 
Samples were injected onto the HPLC via the online concentration system. Several correction 
factors were then used on this original calculated concentration to account for DNPH 
derivatization efficiency, manual injection recovery, and dilution of the sample that occurred 





′ × 𝐹 
(XV) 
Where CAC is the corrected aldehyde concentration, CCC is the aldehyde concentration calculated 
using the calibration curve, and F is the concentration factor corresponding to the dilution from  
DNPH derivatization process. Table 12 also lists the comparison of the achieved LOD with the 
current method compared to the EPA 8315 values. For all measured carbonyl compounds, an 
improvement of the LOD of at least 15-times could be achieved, with acetaldehyde yielding the 
largest improvement of 150-fold.  
Figure 20 shows the overall aldehyde and ketone content and its composition out of the 
individual compounds. Aldehyde concentration varied from 1 to 6 µmol·L-1, which is typical for 
fog water. The most abundant aldehydes were formaldehyde, acetaldehyde, acrolein while 
benzaldehyde was found only once above the LOD. Acetone, the only ketone observed in the fog 
water samples, varied considerably in concentration between samples. Although the majority of  
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Table 12: Aldehyde and ketone concentrations found in various fog water samples. 
Date 
Collected 
Aldehyde Concentration (μM)  Ketone Concentration (μM) 
Formaldehyde Acetaldehyde Acrolein Butyraldehyde Benzaldehyde Acetone 
10/05/2012 4.52 ± 0.09 0.18 ± 0.07 0.52 ± 0.11 0.16 ± 0.04 BDL BDL 
10/12/2012 1.44 ± 0.05 BDL 0.81 ± 0.11 0.12 ± 0.04 BDL 1.37 ± 0.45 
10/25/2012 0.89 ± 0.05 0.15 ± 0.07 0.39 ± 0.10 0.37 ± 0.04 BDL 0.93 ± 0.46 
10/26/2012 3.63 ± 0.09 BDL 1.68 ± 0.11 BDL BDL 9.76 ± 1.68 
11/01/2012 1.88 ± 0.06 BDL 0.49 ± 0.10 0.08 ± 0.04 BDL BDL 
11/03/2012 1.17 ± 0.05 BDL 0.28 ± 0.10 0.17 ± 0.04 BDL 1.19 ± 0.54 
11/28/2012 1.90 ± 0.06 0.37 ± 0.07 0.82 ± 0.10 0.97 ± 0.04 BDL (2.89 ± 0.24) × 101 
12/01/2012 0.69 ± 0.05 0.64 ± 0.08 BDL 0.36 ± 0.04 BDL (1.05 ± 0.01) × 103 
12/08/2012 3.03 ± 0.05 0.42 ± 0.08 BDL 0.09 ± 0.04 0.03 ± 0.01 (1.42 ± 0.05) × 102 
02/05/2013 0.75 ± 0.05 BDL 0.36 ± 0.10 0.08 ± 0.04 BDL 1.02 ± 0.44 
10/11/2013 0.55 ± 0.06 BDL 0.38 ± 0.10 BDL BDL BDL 
01/08/2014 2.10 ± 0.05 0.19 ± 0.07 0.50 ± 0.13 0.13 ± 0.04 BDL 1.14 ± 0.47 
04/12/2014 3.90 ± 0.08 0.34 ± 0.11 0.48 ± 0.10 0.28 ± 0.04 BDL BDL 
04/24/2014 2.24 ± 0.24 0.77 ± 0.06 0.73 ± 0.10 2.38 ± 0.06 BDL BDL 
Median 1.89 0.16 0.48 0.14 BDL 1.08 
Min 0.55 BDL BDL BDL BDL BDL 
Max 4.52 0.77 1.68 2.38 0.03 1.05×103 














                                                 
n EPA 8315A method limits are given for procedure 1 and procedure 2 respectively. 
o EPA 8315A method limits were estimated based on the ratio of each compounds’ procedure 2 sensitivity to butyraldehyde’s sensitivity and the procedure 2 




Figure 20: Concentration of carbonyl compounds in the fourteen fog events studied. 
samples had concentrations at or below 1 µmol·L-1, the concentration of one sample exceeded 1 
mmol·L-1, which is atypical of most fog water. 
Table 3 in Section 1.4 lists the concentration of various aldehydes and ketones found in 
fog water samples collected worldwide.57,82,83,90-93 It is apparent from Table 3 that the fog water 
collected in Po Valley was the only sample that contained both acetone and all five aldehydes 
detected in this study.90 Although acrolein, butyraldehyde, and benzaldehyde were also found in 
this current study, these compounds were only detected in some of the samples shown in Table 3. 
In order to more fully examine the fog water collected in Baton Rouge (this study), each of these 
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compounds are discussed in more detail in the following subsections, 6.3.3 (aldehydes) and 6.3.4 
(acetone).  
6.3.3 Aldehyde Contribution in Fog Water 
In this study, formaldehyde was the only aldehyde that was found in all fog water samples tested 
(Figure 20), and it generally also had the highest concentration. Especially in the warmer 
months, formaldehyde is typically the highest emitted aldehyde in the atmosphere, stemming 
from mobile sources and industrial and combustion processes.112 As shown in Table 12, 
concentrations for formaldehyde in this analysis (0.55-4.52 µM) fell within the range typical of 
other fog water samples (up to 567 µM), listed in Table 3. For the majority of fog events in this 
study, formaldehyde was the most prevalent aldehyde, which is clearly shown in Figure 20. 
Excluding the events on 10/25/2012, 11/28/2012, 12/08/2012, and 4/24/2014, which had either 
atypically lower formaldehyde concentrations or higher concentrations for other aldehydes, 
formaldehyde averaged 72% of all aldehydes present in each fog sample on a molar basis.  
Acetaldehyde was observed in only 8 of the 14 fog samples, although generally, 
acetaldehyde is the second-most prevalent aldehyde in air after formaldehyde.89,91 
Concentrations for acetaldehyde in this study (BDL-0.77 µM) were on the lower end in 
comparison to other samples in literature (BDL-3.50 µM), but they still fell within the typical 
observed range.8,82,83,90-92  
Although aldehydes can be directly emitted from anthropogenic sources, they can also be 
formed in the atmosphere by the degradation of VOCs by free radicals. Moreover, the 
contribution of these two separate sources varies throughout the year.98 The overall formation of 
formaldehyde and acetaldehyde is 20-50 times and 10-20 times larger, respectively, in July as 
opposed to January. Luecken et al. also modeled that in January approximately 50-70% and 70-
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90% of the formaldehyde and acetaldehyde concentrations, respectively, stem from 
photochemistry, with alkenes and alkanes being the major parent sources of these compounds.98 
The amount of these compounds that are photochemically produced only increases in the 
summer months. 
Since the majority of all fog events in this study occurred in the early morning before 
sunrise during the colder months, it would be expected to observe relatively lower aldehyde 
concentrations in the winter, due to lower biogenic emission rates and less actinic flux. The two 
April events had some of the highest acetaldehyde concentrations (0.34 µM on 4/12/2014 and 
0.77 µM on 4/24/2014), which is in line with the statement that overall higher concentrations of 
aldehydes are observed in the warmer months as opposed to the colder, winter months. 
Acrolein was identified in 12 of the 14 samples. Of these 12 samples, the acrolein portion 
ranged from 9-40% of the total molar amount of aldehydes present, averaging 22% for these 
samples. The acrolein concentration in this study (BDL-1.68 µM) also fell within the range 
observed in literature (BDL-21 µM).57,82,90 Butyraldehyde has been identified in other fog 
samples in literature, but in many cases, its concentration was either below the limit of 
detection,83 or it was only observed in a few samples, although concentrations as high as 2.7 µM 
were reported. In this study, butyraldehyde was observed in 12 of the 14 fog events, and of those 
events, it ranged from 3-39% of the total aldehyde molar fraction. In the fog event on 4/24/2014, 
butyraldehyde was the most prevalent aldehyde observed, with a concentration of 2.38 µM. 
Butyraldehyde is most often associated with traffic emissions as well as emissions from chemical 
plants,113,114 both of which are ubiquitous in Baton Rouge. Benzaldehyde was the least 
predominant identifiable aldehyde in this study, appearing in only one of the fourteen fog events, 
with a concentration of 0.03 µM. 
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6.3.4 Acetone Contribution in Fog Water  
In many of the fog water samples described in literature, the concentration of acetone is below 
the limit of detection.57,82,91 Generally, there is a larger error associated with its measurement, as 
it is often found in the blank samples,82 or it is not fully separated from acrolein.83 We observed 
acetone in 9 of the 14 fog samples, with some at large concentrations. Excluding the events 
where the acetone concentration exceeded 5 µM, which was the highest concentration observed 
in Po Valley, Italy90 (Table 3), the average concentration was 1.1 µM. However, four additional 
fog events in our study had concentrations of acetone greater than 5 µM, with one exceeding 1 
mM.   
Although few studies report significant fog water concentrations of acetone, values of 0-
0.71 µM (average 0.0079 µM) have been observed in cloud water in Mt. Gibbs, NC, USA.115 
Likewise, similar acetone concentrations of 0.11-0.15 µM have been reported in cloud water in 
Vosges, France.85 Cloud water from mountains is not directly comparable to urban fog water, as 
mountainous cloud water tends to contain less pollutants and is more dilute. Thus, the lower 
cloud water acetone concentrations observed in these studies in comparison to the values of this 
study (an urban location) are expected. 
Significantly higher concentrations of acetone have been observed in the air of highly 
industrial areas such as An San, South Korea, with an average acetone concentration of 15.9 
ppbv.29 Using a Henry’s law constant value of 33 M·atm-1,116 this air concentration would 
convert to an aqueous concentration of 175 µM. It has also been reported that acetone 
concentrations inside a liquid water droplet can be up to two orders of magnitude higher than 
predicted by Henry’s law constant.116,117 This phenomena may be due to the increased gas-water 
transfer caused by the decreased surface tension inside hydrometeors or due to the direct 
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formation of acetone within the water droplet itself.116 Therefore, acetone in the liquid phase 
could potentially reach concentrations exceeding 1 mM, as observed in our study. 
 In the atmosphere, the dominant removal mechanisms for acetone is photolysis and the 
reaction with hydroxyl radicals.118,119 However, acetone is also known to degrade by photolysis 
at an exceptionally slow rate, even in the presence of hydroxyl radicals.120 This results in acetone 
having an average lifetime of approximately 15 days in the atmosphere.119  
 The most significant acetone events in this study occurred over an 11 day period on 
11/28/2012, 12/01/2012, and 12/08/2012. There is a distinctive rise and fall of acetone 
concentration, with the highest concentration of acetone (1.05±0.01 mM) occurring on 
12/01/2012. It should be noted that the event on 12/01/2012 also had a relatively low sample 
mass (19.2 g), but was collected over a span of 4 hours, with an estimated LWC of 0.004 g·m-3. 
However, the event on 12/08/2012 still had a high-observed acetone concentration (0.14±0.05 
mM), but with a much larger sample mass (544.1 g), an even longer collection time of almost 9 
hours, and a much higher estimated LWC of 0.056 g·m-3. Thus, the rise and fall of the acetone 
concentration observed over this week suggests that there was some significant singular release 
of acetone in the area during this time period. 
It should also be noted that since the fog events with the highest concentrations of 
acetone occurred in early December, the local temperature was relatively low (ranged from 
6.8°C-14.4°C for these three events; average value for this study: 15.2°C), as shown in Table 11. 
Lower temperatures increase the residence time of the pollutants close to the ground, and 
consequently, pollutant concentrations are likely higher during a fog event. The temperature 
inversion phenomena occurs more frequently during the winter season and can reduce the 
vertical expansion of gas and airborne pollutants.  
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Although acetone can be emitted from various sources, both natural and anthropogenic in 
origin, such as the direct release from vegetation or vehicular emissions,28,30,121 the high 
concentrations for acetone in this study are more likely caused by a singular release. One 
potential source of acetone is biomass burning,28,30 which can occur during that time of year in 
the area due to sugarcane harvesting and processing. However, since Baton Rouge is also home 
to a number of chemical plants and is highly industrialized,8 it is much more likely that a change 
in a plant process or a sudden release of chemicals would also increase the local airborne acetone 
concentration, especially given its relatively long lifetime in the atmosphere. 
6.4 Summary 
U.S. EPA Method 8315A was adapted for the identification and quantification of aldehydes and 
ketones in fog water using the derivatization with 2,4-dinitrophenylhydrazine and an online 
concentration system. This method has the potential to identify fifteen separate carbonyl 
compounds and was qualified by testing the manual injection recovery and DNPH derivatization 
efficiency. By using the online concentration system, we eliminated all concentration and solvent 
extraction steps of U.S. EPA Method 8315A, as the sample was concentrated by a factor of 125 
when injected into the HPLC. In doing so, we reduced the limit of detection to the nanomolar 
range and decreased the sample size needed by a factor of at least 40.  
 Fourteen fog samples were collected in Baton Rouge, LA from October 2012 through 
April 2014. Although a couple other fog events occurred during this time period, this sample set 
reflects a nearly complete analysis of the fog water at the Baton Rouge, LA sampling site during 
that time. These fog water samples were analyzed for pH, and aldehydes and ketones. 
Formaldehyde, acetaldehyde, acetone, acrolein, butyraldehyde, and benzaldehyde were observed 
in these samples. The aldehydes found are either expected to have been released directly into the 
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environment or produced by the photo-oxidation of hydrocarbons stemming from both natural 
and anthropogenic sources, including vehicular emissions, chemical plant emissions, and 
emissions from vegetation.122  
Acetone was the only ketone observed in these fog water samples. Although most 
samples had either concentrations of acetone that were low or below the limit of detection, four 
fog samples had acetone concentrations much larger than expected (9.8-1048 µM). Since a 
distinct rise and fall of acetone concentration was observed, we suspect that the high 
concentrations of acetone stemmed from a singular source such as an accidental chemical release 
or spill into the environment. The relatively long lifetime associated with acetone kept the high 






The purpose of this dissertation was to examine how common environmental 
contaminants interact in both the bulk aqueous phase and in a highly surface-active environment, 
such as a fog event. In order to gain a greater understanding of this system, both laboratory and 
field studies were performed. 
7.1 Bulk Aqueous Phase and the Air-Water Interface 
For all experiments that used the bulk phase reactor, the pH of the reaction solution decreased 
during the span of the experiment. This decrease in pH consequently coincided with the 
formation of biphenyl. However, when the initial pH of the reaction system was reduced in the 
thin film reactor, no significant formation of biphenyl was observed. That said, biphenyl was 
formed in significant concentrations in the thin film reactor when oxygen was removed from the 
system. The increased biphenyl formation with the reduction of oxygen was also detected in the 
bulk phase reactor, suggesting that oxygen content is more significant in the formation of 
biphenyl from the photo-oxidation of benzene than pH, especially under atmospheric aerosol 
conditions. 
Even though it appeared that pH did not significantly lead to increased biphenyl 
formation in the thin film reactor, the dependence of biphenyl formation on acidic pH values in 
the bulk phase reactor is still important because many bulk aqueous atmospheric waters, such as 
rainwater and lake water, are typically acidic (Table 1). If these waters come into contact with 
pollutants, like benzene, from a sudden chemical release, the formation of biphenyl or other 




More notably, however, was that for all experiments in the thin film reactor, reaction 
rates for both benzene and phenol degradation increased when film thickness decreased. This 
critical reaction rate increase observed for benzene could potentially be even more significant for 
the larger PAH compounds, which show an even more enhanced affinity for concentrating at the 
surface.32 
 Although atmospheric aerosols, such as fog, are very active reaction media, the 
implications of increased reaction rates at the interface encompasses much more than just 
environmental systems. Since decreasing the film thickness exponentially increases the overall 
reaction rate, we can apply these models to other reaction regimes. Hence, forcing more 
reactions to occur at the interface by increasing the surface area-to-volume ratio has the potential 
to also be an acting catalyst, which could increase reaction rates in many systems and industries. 
This is especially appropriate for compounds that show affinity for being concentrated at the 
interface.  
7.2 Aldehydes and Ketones in Fog Water Samples as a Field Study 
Since all benzene experiments were performed in the laboratory under simulated fog event 
conditions, we felt it was also necessary to also examine other typical contaminants in the field 
to have a more complete understanding of a fog event. Given that the majority of aldehyde and 
ketone determination methods require a large aqueous sample volume, it would be difficult to 
use these methods on fog water samples, since sample size is generally 100 mL or less. 
However, by adapting U.S. EPA Method 8315A and utilizing the online concentration system, 
we were able to reduce the sample size to as low as 0.5 mL, while also decreasing the limit of 
detection to the micromolar range. Doing so allows for the analysis of minor fog events without 
the entire sample being used solely for aldehydes and ketones. In fact, three samples tested in 
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this study were below 100 mL, and thus, would not have been able to be analyzed for aldehydes 
and ketones otherwise (Table 11). Likewise, having a smaller sampling volume allows for the 
analysis of time slices; hence, if samples are taken every few hours for an extended fog event, 
the change in concentration over time can be observed. With the simplicity and small volume of 
this adapted method, the entire process also has the potential to be fully automated, from the 
derivatization procedure through injection onto the HPLC. 
7.3 Suggested Future Work 
Both portions of this study can be expanded to further enhance our understanding of aqueous 
atmospheric systems. For the fog water field experiment, we can enlarge our collection site from 
one single site to multiple sampling sites around the Baton Rouge, LA area. By placing fog 
collectors in various locations, including residential, industrial, and agricultural sites, a more 
thorough environmental study on fog water quality can be obtained. Thus, for this experiment, 
all fog collectors would be turned on at the same time so that all samples could be directly 
compared for variation in concentration. 
The detection method developed for aldehydes and ketones can also be easily adapted to 
other atmospheric waters including snow, rainwater, seawater, lake water, cloud water, and river 
water. Since the method presented in this paper was developed for the use in fog water systems, 
additional care would need to be given to account for matrix effects, which may be significant in 
the waters with considerable chemical differences (e.g. seawater). 
In the case of the benzene interfacial studies in the thin film reactor, only the hydroxyl 
radical was studied. Other oxidant species, such as ozone or nitrate, are also prevalent in the 
environment, and it would be interesting to observe how these reactions compare to the reactions 
with the hydroxyl radical, especially at different film thicknesses.  
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Likewise, only temperatures above freezing were tested in the thin film reactor. However, 
when the temperature falls below 0°C, ice crystals begin to form, creating a crystal lattice 
structure. This structure can contain imperfections such as grain boundaries and pockets, which 
may also include liquid water.123 Similar to liquid solutions, which have both a bulk aqueous 
phase and an interfacial phase, ice is made up of a bulk frozen phase and an air-ice interface, 
known as the quasi-liquid layer.124 The quasi-liquid layer is significant because it has the 
potential to remain intact several degrees below the melting point of the bulk fluid. It also 
conveys different properties than both the liquid and solid phases.123 It has also been shown that 
reactions that occur at the quasi-liquid layer can be very different from reactions that occur at the 
air-water interface.123 Moreover, ice is affected, both chemically and physically, by changes in 
ionic strength, thus further affecting the reactivity of the quasi-liquid layer.123 By reducing the 
temperature in the thin film reactor, ice films can be formed in a controlled environment. This 
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APPENDIX A: HPLC METHODS 
A.1 Method for Benzene, Phenol, and Biphenyl Analysis 
i. Method name: AAHPAHTE.M 
ii. Instrument: Agilent 1100 HPLC system consisting of a degasser (G1322A), a quaternary 
pump (G1311A), an autosampler (G1313A), a column compartment (G1316A), a diode 
array detector (G1315A), and a programmable fluorescence detector (1046A)  
 
iii. Injection volume: 10 μL  
iv. Column: 250-mm×2.1-mm, 4 µm particle size Pinnacle II PAH HPLC column (Restek 
Corp., Bellefonte, PA, USA) 
 
v. Column temperature: 40 °C 
vi. Flow rate: 0.3 mL·min-1 
vii. Solvent properties: HPLC-grade acetonitrile (EMD Chemical Inc., NJ, USA); HPLC-
grade tetrahydrofuran (THF) (Alfa Aesar, Ward Hill, MA, USA); LC-MS grade water 
(Burdick & Jackson, Muskegon, MI, USA) 
 
viii. Gradient program: The program began with 40:60 (vol:vol) acetonitrile:water and 
increased to 100% (v/v) acetonitrile within 3 minutes. It remained isocratic for 5.5 
minutes and then returned to the initial mobile phase concentration for a total run time of 
10.5 minutes. A post time of 8 minutes followed the gradient run.  
 
ix. Detector parameters: The diode array detector (200-300 nm) with a slit width of 4 nm and 
a response time of 2 seconds was used to monitor both benzene and phenol. The 
fluorescence detector (excitation: 242 nm/emission: 312 nm) was programmed with a 




A.2 Method for Aldehyde and Ketone Analysis 
i. Method name: EPA8315S 
ii. Instrument: Agilent 1100 HPLC system consisting of a degasser (G1322A), a quaternary 
pump (G1311A), an autosampler (G1313A), a column compartment (G1316A), and a 
diode array detector (G1315A)  
 
iii. Sample volume: 500 μL of sample were injected via the online concentration system103 
(Section 5.2.3),  
 
iv. Column: 150-mm×2.1-mm, 4 µm particle size Pinnacle II PAH HPLC column (Restek 
Corp., Bellefonte, PA, USA) 
 
v. Column temperature: 40 °C 
vi. Flow rate: 0.3 mL·min-1 
vii. Solvent properties: HPLC-grade acetonitrile (EMD Chemical Inc., NJ, USA); HPLC-
grade tetrahydrofuran (THF) (Alfa Aesar, Ward Hill, MA, USA); LC-MS grade water 
(Burdick & Jackson, Muskegon, MI, USA)  
 
viii. Gradient program: 1 minute hold at 20:10:70 (vol:vol:vol) acetonitrile:THF:water. The 
solvent composition then changed to 40:0:60 acetonitrile:THF:water within 9 minutes. 
The composition then changed to 55:0:45 acetonitrile:THF:water within 25 minutes. The 
composition was then further increased to 100% (vol/vol) acetonitrile within 10 minutes. 
It remained isocratic for 5 minutes and then returned to the initial mobile phase 
concentration for a total run time of 60 minutes. A post time of 15 minutes followed the 
gradient run.  
 
ix. Detector parameters: The diode array detector (358-362 nm) with a slit width of 4 nm and 





APPENDIX B: KINETIC EVALUATION OF THE REACTION OF BENZENE 
WITH HYDROXYL RADICALS 
The following radical mechanism outlines the formation of hydroxyl radicals in the presence of 
UVB light.120,125-127 
Initiation: 
𝐻2𝑂2 + ℎ𝑣 → 2 ∙ 𝑂𝐻 (XVI) 
Propagation: 
∙ 𝑂𝐻 + 𝐻2𝑂2 → 𝐻2𝑂 + 𝐻𝑂2 ∙ (XVII) 
𝐻𝑂2 ∙ +𝐻2𝑂2 →∙ 𝑂𝐻 + 𝐻2𝑂 + 𝑂2 (XVIII) 
Termination:  
𝐻𝑂2 ∙ +𝐻𝑂2 ∙→ 𝐻2𝑂2 + 𝑂2 (XIX) 
𝐻𝑂2 ∙ + ∙ 𝑂𝐻 → 𝐻2𝑂 + 𝑂2 (XX) 
As shown in the mechanism (Figure 4), benzene (1) first reacts with a hydroxyl radical to 
produce a hydroxycyclohexadienyl radical (2). Equation (XXI) describes the formation and 
consumption (2+2→4 disproportionation, 2→4 hydroxyl radicals, 2→3→4 oxygen addition, and 
2+2→5→6 dimerization) of hydroxycyclohexadienyl radicals, 
𝑑𝐶𝑅
𝑑𝑡
= 𝑘𝑝𝐶𝑂𝐻𝐶𝐴 − 2𝑘𝐵1𝐶𝑅
2 − 𝑘𝐵2𝐶𝑂𝐻𝐶𝑅 − 𝑘𝐵3𝐶𝑂2𝐶𝑅 − 2𝑘𝐶𝐶𝑅
2 
(XXI) 
where CR is the concentration of hydroxycyclohexadienyl radicals (μM) in water, CA is the 
concentration of benzene (μM) in water, t is time (min), kp is the rate constant of the reaction of 
benzene with hydroxyl radicals, kB3 is the rate constant for the reaction of the 
hydroxycyclohexadienyl radical with oxygen, kB2 is the rate constant of the reaction of 
hydroxycyclohexadienyl radical with a hydroxyl radical, kB1 is the rate constant for the 
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disproportionation reaction, and kC is the rate constant for biphenyl formation from dimerization 
(all µM-1·min-1). 
The rate of phenol production is derived from three main reaction pathways:  the reaction 
of the hydroxycyclohexadienyl radical with oxygen (2→3→4), the reaction of the 
hydroxycyclohexadienyl radical with the hydroxyl radical (2→4), and the disproportionation 
reaction of two hydroxycyclohexadienyl radicals (2+2→4). Phenol also reacts further with 
hydroxyl radicals to produce various oxidation products such as 1,4-benzoquinone (7), 
hydroquinone (8), catechol (9), and resorcinol (10).69 The overall rate for the production and 




2 + 𝑘𝐵2𝐶𝑂𝐻𝐶𝑅 + 𝑘𝐵3𝐶𝑂2𝐶𝑅 + 𝑘𝐷𝐶𝑂𝐻𝐶𝐵 
(XXII) 
where kD is the rate constant of the reaction of phenol with hydroxyl radicals (µM
-1·min-1). kD 
ranges from 4.0×105 µM-1·min-1 to 1.1×106 µM-1·min-1,59,60 which can be faster than reaction of 
benzene with hydroxyl radicals (kp=4.7×10
5 µM-1·min-1).59,60  
As stated in Section 0 and Section 4.1, the hydroxyl radical concentration is assumed to 
be at steady state. The concentration of hydroxycyclohexadienyl radicals is also approximated to 
be at steady state because like hydroxyl radicals, they react immediately after formation. Both 
the disproportionation and dimerization reactions depend on the less favorable radical-radical 
reactions of the hydroxycyclohexadienyl radical.70-72 These reactions (2+2→4 and 2+2→5→6) 
are therefore negligible in comparison to the other two main pathways for phenol formation 
(2→4 and 2→3→4). With these approximations, Equation (XXI) is simplified as follows, 
𝑑𝐶𝑅
𝑑𝑡
= 0 = 𝑘𝑝[𝑂𝐻]𝑠𝑠
′ 𝐶𝐴 − 𝑘𝐵2[𝑂𝐻]𝑠𝑠












Following the argument that the reaction with oxygen or hydroxyl radicals is more 
dominant than the disproportionation reaction,70-72 and that the concentration of hydroxyl 




′ + 𝑘𝐵3𝐶𝑂2)𝐶𝑅 − 𝑘𝐷[𝑂𝐻]𝑠𝑠
′ 𝐶𝐵 
(XXV) 




′ 𝐶𝐴 − 𝑘𝐷[𝑂𝐻]𝑠𝑠
′ 𝐶𝐵 
(XXVI) 
In the bulk phase reactor experiments (Section 3), the concentration of benzene is large 
compared to all other species (the maximum yields of phenol and biphenyl for all experiments 
are very low with respect to benzene, 2.4% and 0.0019%, respectively). Therefore, for these 
experiments, the concentration of benzene is approximated as constant throughout the reaction 
(CA≈CA0). For the experiments in the thin film reactor (Section 4), benzene is continuously 
flowing into the reactor in the gas phase, such that the concentration of benzene is constant 
throughout the entire experiment (CA≈CA0). Therefore, Equation (XXVI) is integrated and 
simplified, giving the overall equation for phenol concentration, Equation (XXVII). Equation 
















For biphenyl, we derive the kinetic expression for biphenyl from the mechanism as the 








Assuming the hydroxycyclohexadienyl radical concentration at steady state and that the 
concentration of benzene is constant throughout the experiment, Equation (XXVIII) can be 














where k’C is the apparent rate constant for biphenyl formation. Integrating and normalizing 






Therefore, as long as the benzene concentration remains constant, as it does in both the bulk 






APPENDIX C: DETERMINATION OF HYDROXYL RADICALS 
The production rate of hydroxyl radicals, POH (μM·min
-1), is defined as follows,101 
𝑃𝑂𝐻 = 𝑅𝑛𝑝 + 𝑅𝑝 (XXXI) 
where Rp (μM·min
-1) is the initial rate of reaction of the hydroxyl radical with benzene, and Rnp 
(μM·min-1) is the rate of all reactions of the hydroxyl radical not leading to phenol. Rp is defined 
as follows,101 
𝑅𝑝 = 𝑘𝑝[𝑂𝐻]𝑠𝑠
′ 𝐶𝐴0 (XXXII) 
where kp (μM
-1·min-1) is the rate constant of benzene with hydroxyl radicals, CA0 (μM) is the 
initial concentration of benzene, and [OH]’ss (μM) is the steady state hydroxyl radical 
concentration in the presence of benzene. kp equals 4.7×10
5 μM-1·min-1 for the reaction of 




′  (XXXIII) 
where k’np (min
-1) is the apparent first order hydroxyl radical rate constant with other species. 
Equations (XXXI), (XXXII), and (XXXIII) are combined to obtain an expression that links Rp to 
CA0 with measurable or known quantities. This can be used to solve for both POH and k’np. Rp is 
found from a linear fit of the first 30 minutes of phenol concentration data. Taking the first 
derivative gives the initial rate; hence, Rp equals m, the slope of the line. The relationship 





















APPENDIX D: DETERMINING H2O2 CONCENTRATION BY TITRATION 
Method is adapted from Solvay Chemicals TDS XX-122128 
1. Objective: To determine the exact concentration hydrogen peroxide (H2O2) in aqueous 
solutions (approximately 1%) 
 
2. Chemicals 
A. Hydrogen peroxide, 30%, ACS grade (e.g. VWR EM-HX0640-5) 
B. Water, LC-MS grade (e.g. VWR BJLC365-2.5) 
C. Water, deionized (provided in laboratory) 
D. Potassium iodide, ACS grade (e.g. EMPX1507-1) 
E. Potassium iodate, analytical reagent (e.g. EM1.05051.0100) 
F. Sodium thiosulfate, pentahydrate, ACS grade (e.g. EM-SX0815-3) 
G. Ammonium molybdate (VI) tetrahydrate, ACS grade (e.g. AX1310-3) 
H. Sulfuric acid, ACS grade (e.g. BDH3072-2.5LG) 
I. Sodium hydroxide, ACS grade (e.g. VWR BDH8019-500G) 
J. Starch (soluble), for analysis, ACS grade (e.g. 200007-736) 
 
3. Materials and supplies 
A. 100 mL volumetric flask (e.g. VWR 89025-752) 
B. 500 mL volumetric flask (e.g. VWR 89025-758) 
C. 1000 mL volumetric flask (e.g. VWR 89025-760) 
D. 30 mL glass beaker (e.g. VWR 89000-742) 
E. 100 mL glass beaker (e.g. VWR 89001-058) 
F. 150 mL glass beaker (e.g. VWR 89001-060) 
G. Four 500 mL Erlenmeyer flasks (e.g. VWR 89001-356) 
H. 100 mL plastic graduated cylinder (e.g. VWR 89001-162) 
I. 50 mL glass graduated cylinder (e.g. VWR 89001-146) 
J. Disposable weigh boats (e.g. VWR 89106-756) 
K. Stainless steel spatula (e.g. VWR 82027-530) 
L. VWR standard hot plate stirrer (e.g. VWR 97042-594) 
M. Volume pipettor, 100-1000 µL (e.g. VWR 89125-306) 
N. Pipet tips, 100-1000 µL (e.g. VWR 47745-174) 
O. 20 mL pipet (e.g. VWR 89045-078) 
P. Rubber pipet filler (e.g. VWR 53502-205) 
Q. 25 mL burette with stopcock (e.g. VWR 17527-081) 
R. Double burette holder (e.g. VWR 89202-626) 
S. Support stand with rod (e.g. VWR 89202-634) 
T. Bottle top dispenser, 2-10 mL (e.g. VWR 40000-064) 
U. Bottle top dispenser, 5-25 mL (e.g. VWR 40000-066) 
V. Aluminum foil (e.g. VWR 89107-728) 
W. One 125 mL amber bottle (e.g. VWR 89093-904) 
X. Two 500 mL amber bottles (e.g. VWR 89093-908) 
Y. Two 1000 mL amber bottles (e.g. VWR 89093-910) 
Z. One 2000 mL clear glass PYREX® media bottle (e.g. VWR 16157-227) 




A. Preparation of 1% H2O2 solution 
i. Label a clean 125 mL amber bottle (1% H2O2 in LC-MS H2O). 
ii. Record mass of empty 100 mL volumetric flask (no stopper). 
iii. Place clean 25 mL glass beaker on balance and zero the balance. 
iv. Pipet 3.20 mL of 30% H2O2 into the empty 25 mL glass beaker. Record 
mass. 
v. Add weighed amount of H2O2 into an empty 100 mL volumetric flask. 
Rinse 25 mL beaker with LC-MS water and drain into volumetric flask to 
ensure all H2O2 is used. Dilute to volume with LC-MS water. Record final 
mass. After mass is recorded, put stopper on volumetric flask and then 
invert volumetric flask to ensure complete mixing. 
vi. Pour contents into labeled amber bottle. 
vii. Calculate theoretical concentration of solution with Equation (XXXV) 
below. Follow the procedure outline in Part 4.H to determine the 
concentration of H2O2 by titration. 
%𝐻2𝑂2 =
𝑥 g 30% H2O2
𝑥 g solution
×




B. Preparation of 10% potassium iodide (KI) solution 
i. Label a clean 500 mL amber bottle (10% KI in H2O). 
ii. Record mass of empty 500 mL volumetric flask (no stopper). 
iii. Weigh 50.00 g of KI onto disposable weigh boat using a spatula. Record 
mass. 
iv. Add weighed amount of KI into the empty 500 mL volumetric flask. Rinse 
weigh boat with deionized water and drain into volumetric flask to ensure 
all KI is used. Dilute to volume with deionized water. Record final mass. 
After mass is recorded, put stopper on volumetric flask and then invert 
volumetric flask to ensure complete mixing. 
v. Pour contents into labeled amber bottle. Attach bottle top dispenser set to 
10 mL on top of the amber bottle to be used for the titration procedure. Put 
bottle in fume hood. 
 
C. Preparation of 0.1 N potassium iodate (KIO3) solution 
i. Label a clean 1000 mL amber bottle (0.1 N KIO3 in H2O). 
ii. Record mass of empty 1000 mL volumetric flask (no stopper). 
iii. Weigh 3.57 g of KIO3 onto disposable weigh boat using a spatula. Record 
mass. 
iv. Add weighed amount of KIO3 into the empty 1000 mL volumetric flask. 
Rinse weigh boat with deionized water and drain into volumetric flask to 
ensure all KIO3 is used. Gradually add in deionized water until volumetric 
flask is 1/3 of the way full, swirling occasionally to ensure the KIO3 has 
dissolved.  




vi. Add NaOH into the 1000 mL volumetric flask. Rinse weigh boat with 
deionized water and drain into volumetric flask to ensure all NaOH is 
used.  
vii. Weigh 20.00 g of KI onto disposable weigh boat using a spatula. Record 
mass. 
viii. Add KI to the 1000 mL volumetric flask. Rinse weigh boat with deionized 
water and drain into volumetric flask to ensure all KI is used. Dilute to 
volume with deionized water. Record final mass. After mass is recorded, 
put stopper on volumetric flask and then invert volumetric flask to ensure 
complete mixing. 
ix. Pour contents into labeled amber bottle. 
 
D. Preparation of 0.1 N sodium thiosulfate (Na2S2O3·H2O) solution 
i. Label a clean 1000 mL amber bottle (0.1 N Sodium Thiosulfate in Water; 
“Put in Burette”). 
ii. Record mass of empty 1000 mL volumetric flask (no stopper). 
iii. Weigh 24.8 g of Na2S2O3·H2O onto disposable weigh boat using a spatula. 
Record mass. 
iv. Add weighed amount of Na2S2O3·H2O into empty 1000 mL volumetric 
flask. Rinse weigh boat with deionized water and drain into volumetric 
flask to ensure all Na2S2O3·H2O is used. Dilute to volume with deionized 
water. Record final mass. After mass is recorded, put stopper on 
volumetric flask and then invert volumetric flask to ensure complete 
mixing. 
v. Pour contents into labeled amber bottle. Standardize by procedure 
described in Part 4.G. 
 
E. Preparation of acid mixture 
i. Label one clean 2000 mL clear glass PYREX® media bottle and one clean 
500 mL amber bottle (both labeled H2SO4 Acid Mixture). 
ii. Weigh 0.18 g of ((NH4)6Mo7O24·4H2O) onto disposable weigh boat using 
a spatula. Record mass. 
iii. Add weighed amount of ((NH4)6Mo7O24·4H2O) into the empty 2000 mL 
clear glass PYREX® media bottle. Rinse weigh boat with deionized water 
and drain into volumetric flask to ensure all ((NH4)6Mo7O24·4H2O) is 
used. Gradually add in 750 mL of deionized water to the glass bottle, 
swirling occasionally to ensure the ((NH4)6Mo7O24·4H2O) has dissolved. 
Move glass bottle to fume hood. 
iv. Slowly add 300 mL of concentrated H2SO4 to the 2000 mL clear glass 
PYREX® media bottle, 50 mL at a time (measured by 50 mL glass 
graduated cylinder). The entire H2SO4 dilution must be performed in the 
fume hood. Additional safety information about H2SO4 is discussed in Part 
5.  
v. After all H2SO4 has been added to the glass bottle, the bottle must sit in 
the fume hood, lightly covered (not sealed) for at least three hours, as the 
contents are very hot. 
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vi. Once contents have sufficiently cooled, pour acid mixture into labeled 500 
mL amber bottle. Attach bottle top dispenser set to 25 mL on top of the 
amber bottle to be used for the titration procedure. Put bottle in fume 
hood. Keep all extra Acid Mixture contents in clear glass bottle until 
needed for future titration experiments. 
 
F. Preparation of 10 g·L-1 starch solution 
i. Label a clean 250 mL plastic Nalgene® bottle (10 g·L-1 Starch Solution in 
Water). 
ii. Add 100 mL of deionized water to a clean 150 mL beaker. Place filled 
beaker on hot plate and bring to boil.  
iii. Weigh 1.00 g of soluble starch onto disposable weigh boat using a spatula. 
Record mass. 
iv. Add weighed amount of soluble starch into a 100 mL beaker. Rinse weigh 
boat with deionized water and drain into beaker to ensure all soluble starch 
is used. Add 1 additional mL of deionized water to beaker and stir 
contents such that a thick solution is formed. 
v. Add starch solution to the boiling water and stir to combine. Once solution 
is combined, remove from heat and let cool for at least 1 hour. 
vi. While starch solution is cooling, weigh 5.00 g of KI onto disposable weigh 
boat using a spatula. Record mass. 
vii. Once the starch solution has sufficiently cooled, add KI to the beaker 
containing the starch solution. Rinse weigh boat with deionized water and 
drain into beaker to ensure all KI is used. Stir solution until completely 
dissolved. 
viii. Pour contents into labeled plastic Nalgene® bottle. 
 
G. Standardization of sodium thiosulfate 
i. Label 4 clean 500 mL Erlenmeyer flasks (Blank, 1, 2, 3). None of the 
KIO3 Solution will be added to the “Blank” flask. 
ii. Add 100 mL deionized water using a 100 mL graduated cylinder to each 
flask. 
iii. Add 20.0 mL of the KIO3 Solution to flasks 1, 2, and 3 using a 20 mL 
pipet and the pipet manipulator. Record this volume for all 3 flasks in a 
table. An example of this is shown in Table 13 in Part 7. 
iv. Bring all 4 flasks to fume hood. 
v. Add 20 mL of the KI Solution (2 pumps using bottle dispenser, which is 
set to 10 mL) to each flask. 
vi. Add 25 mL of the Acid Solution (1 pump using bottle dispenser, which is 
set to 25 mL) to each flask. 
vii. Let solutions sit in fume hood, tops covered with aluminum foil, for 5 
minutes. 
viii. While solutions are sitting, set up 25 mL burette in fume hood as shown in 
Part 8, Figure 21. Pour 80 mL of the Sodium Thiosulfate Solution into a 
clean 150 mL beaker. Use this filled beaker to fill burette with Sodium 
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Thiosulfate Solution. Make sure the bottom of the meniscus is level with 
the “0” at the top of the burette. 
ix. After 5 minutes have passed, pipet 100 µL of the Starch Solution to the 
“Blank” flask using a volume pipettor. The color should change from a 
pale yellow to a pale purple. 
x. Titrate the “Blank” flask with the Sodium Thiosulfate Solution until the 
color of the “Blank” solution turns clear. This should only take one or two 
drops. Record this titration volume.  
xi. Refill burette. Titrate “Flask 1” with the Sodium Thiosulfate Solution, 
slowly, while continuously swirling flask contents. The color of the flask 
contents will change from a dark red, to orange, to yellow. Once the flask 
contents becomes pale yellow in color, stop titrating. This should be 
around 18-19 mL in titration volume. Once this color has been achieved, 
pipet 100 µL of the starch solution to “Flask 1” using a volume pipettor. 
The color should then change from a pale yellow to a dark purple. Do not 
be alarmed if the liquid contents at this point appear black. As long as you 
added the starch solution after you had titrated with the Sodium 
Thiosulfate Solution, this is not a problem. Continue titrating with the 
Sodium Thiosulfate Solution, drop-wise, until the liquid contents of “Flask 
1” become clear. Record the titration volume. 
xii. Repeat Step xi for “Flask 2” and “Flask 3.” 
xiii. Calculate the normality of the Sodium Thiosulfate Solution for each 
sample using Equation (XXXVI) below. Take the average of the three 
values. The average value will be used for all future calculations using this 









H. Determination of H2O2 
i. Label 4 clean 500 mL Erlenmeyer flasks (Blank, 1, 2, 3). No H2O2 will be 
added to the “Blank” flask. 
ii. Add 200 mL deionized water using a 100 mL graduated cylinder to each 
flask. 
iii. Place clean 25 mL glass beaker on balance and zero the balance. 
iv. Pipet 3.00 mL of prepared 1% H2O2 into the empty 25 mL glass beaker. 
Record mass on table. An example of this is shown in Part 7, Table 14. 
v. Add weighed amount of H2O2 into “Flask 1.” Rinse 25 mL beaker with 
deionized water and drain into “Flask 1” to ensure all H2O2 is used. Cover 
“Flask 1” with aluminum foil and set aside.  
vi. Rinse 25 mL glass beaker with acetone to ensure that the beaker is 
completely dry. 
vii. Once beaker has dried completely, repeat steps v and vi for “Flask 2” and 
Flask 3.” 
viii. Bring all 4 flasks to fume hood. 
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ix. Add 20 mL of the KI Solution (2 pumps using bottle dispenser, which is 
set to 10 mL) to each flask. 
x. Add 25 mL of the Acid Solution (1 pump using bottle dispenser, which is 
set to 25 mL) to each flask. 
xi. Let solutions sit in fume hood, tops covered with aluminum foil, for 5 
minutes. 
xii. While solutions are sitting, set up 25 mL burette in fume hood as shown in 
Part 8, Figure 21. Pour 80 mL of the Sodium Thiosulfate Solution into a 
clean 150 mL beaker. Use this filled beaker to fill burette with Sodium 
Thiosulfate Solution.  Make sure the bottom of the meniscus is level with 
the “0” at the top of the burette. 
xiii. After 5 minutes have passed, pipet 320 µL of the Starch Solution to the 
“Blank” flask using a volume pipettor. The color should change from a 
pale yellow to a pale purple. 
xiv. Titrate the “Blank” flask with the Sodium Thiosulfate Solution until the 
color of the “Blank” solution turns clear. This should only take one or two 
drops. Record this titration volume.  
xv. Refill burette. Titrate “Flask 1” with the Sodium Thiosulfate Solution, 
slowly, while continuously swirling flask contents. The color of the flask 
contents will change from a dark red, to orange, to yellow. Once the flask 
contents becomes pale yellow in color, stop titrating. This should be 
around 18-19 mL in titration volume. Once this color has been achieved, 
pipet 320 µL of the starch solution to “Flask 1” using a volume pipettor. 
The color should then change from a pale yellow to a dark purple. Do not 
be alarmed if the liquid contents at this point appear black. As long as you 
added the starch solution after you had titrated with the Sodium 
Thiosulfate Solution, this is not a problem. Continue titrating with the 
Sodium Thiosulfate Solution, drop-wise, until the liquid contents of “Flask 
1” become clear. Record the titration volume. 
xvi. Repeat Step xv for “Flask 2” and “Flask 3.” 
xvii. Calculate the H2O2 concentration for each sample using Equation 
(XXXVII) below. Take the average of the three values to determine the 
average H2O2 concentration. Mass is in g. Volume is in mL. 
 
%𝐻2𝑂2 =





A. When handling all chemicals in the lab, wear safety gear (lab coat, gloves, 
goggles, closed toed shoes – see MSDS and lab safety guidelines). 
B. When making the Acid Mixture containing H2SO4, you must also wear the face 
shield in addition to the PPE described in Part 5.A to protect from inadvertent 
splashing of the acid. 
C. Work with H2SO4 must also be performed in the fume hood as it is very corrosive. 
If H2SO4 gets on your glove, remove glove immediately with caution. Wash 
hands thoroughly before putting new gloves on. 
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D. When initially cleaning the 50 mL graduated cylinder that held the concentrated 
H2SO4 solution, use caution when rinsing contents with water. Rinse cylinder 
with water at least three times and dispose sulfuric acid waste into a separate 
waste bottle (preferably an old, empty sulfuric acid bottle). After this initial rinse 
has been completed, proceed as normal for glassware washing. 
E. All waste from this process that has come into contact with H2O2 must be 
disposed in a separate waste bottle labeled “Mixed Titration Waste.” Even though 
the H2O2 used in this procedure is dilute, H2O2 is very reactive and the separate 
waste bottle minimizes the potential reactivity that could occur in the typical 
organic waste bottle. All solutions are first added to the “Mixed Titration Waste” 
bottle. Then all flasks and beakers are rinsed with deionized water at least three 
times. This waste is also added to the “Mixed Titration Waste” bottle. After this 
initial rinse, all glassware can then washed following the typical laboratory 
procedure.  
 
6. Additional items to note 
A. The solutions described in Part 4.B-4.F do not need to be made fresh for each 
titration procedure. Replace all within one year or as needed. 
B. The Sodium Thiosulfate Solution has shown to be very stable and does not need 
to be standardized for each H2O2 titration. However, if the H2O2 concentrations 
show a change, it is advised to re-standardize the Sodium Thiosulfate Solution. 
C. The starch solution will change from clear to purple over time, due to the addition 
of KI. The starch solution is still suitable for use, even with the color change. 
 
7. Example tables 
Table 13: Example table for standardization of sodium thiosulfate procedure. 
Sample # Volume KIO3 (mL) Titration Volume (mL) 
1 
  
2   
3   
Table 14: Example table for determination of H2O2 procedure. 
Sample # Mass H2O2 (g) Titration Volume (mL) 
1 
  
2   





8. Diagram of titration apparatus 
 










APPENDIX E: DNPH DERIVATIZATION PROCEDURE 
This method is adapted from U.S. EPA Method 8315A.94 
1. Objective 
A. To determine and quantify the aldehydes and ketones present in aqueous samples 
by use of high performance liquid chromatography (HPLC). 
 
2. Chemicals 
A. Water, LC-MS grade (e.g. VWR BJLC365-2.5) 
B. Acetonitrile, HPLC grade (e.g. VWR EM-AX0145-1) 
C. Dichloromethane, ACS grade (e.g. BDH1113-4LG)  
D. Sodium hydroxide, ACS grade (e.g. VWR BDH8019-500G) 
E. Hydrochloric acid, 37% (e.g. VWR BDH3030-2.5LPC) 
F. Citric acid, ACS grade (e.g. VWR BDH0228-500G) 
G. Sodium citrate, ACS grade (e.g. VWR BDH8017-500G) 
H. 2,4-Dinitrophenylhydrazine (DNPH), 50% in water (e.g. VWR TCD0845-025G) 
i. The DNPH used in this procedure has been recrystallized twice with 
acetonitrile in lab to remove impurities. 
ii. The recrystallized DNPH was approximately 90% dry for the creation of 
the DNPH solution (Part 4.F). Take in account % dryness for DNPH 
calculations. 
 
3. Materials and supplies 
A. 100 mL volumetric flask (e.g. VWR 89025-752) 
B. Disposable weigh boats (e.g. FisherScientific 02-202-101) 
C. Crystallizing dish, 50 × 35 mm (e.g. FisherScientific 08-762-5) 
D. Stainless steel micro spatula (e.g. FisherScientific S50822) 
E. Volume pipettor, 100-1000 µL (e.g. VWR 89125-306) 
F. Pipet tips, 100-1000 µL (e.g. VWR 47745-174) 
G. Centrifuge (e.g. Eppendorf 5415 C) 
H. Centrifuge tubes, 1.5 mL (e.g. Eppendorf 022363212) 
I. Plastic syringe, 10 mL with Luer-Lok® tip (e.g. VWR BD309604) 
J. Syringe filter with Luer-Lok® inlet, porosity: 0.22 μm (e.g. Restek 26142) 
K. pH meter (e.g. Sigma Aldrich Z527807-1EA) 
L. pH combination electrode (e.g. VRW 10010-766) 
M. pH paper (e.g. VWR BDH35301.600) 
N. 30 mL clear borosilicate glass vial (e.g. Qorpak GLC-01008) 
O. VWR standard hot plate stirrer (e.g. VWR 97042-594) 
P. Three 125 mL amber bottles (e.g. VWR 89093-904) 
Q. One 250 mL amber bottle (e.g. VWR 89093-906) 
R. One 250 mL HDPE Nalgene® bottle (e.g. VWR 16060-010) 
S. Two 40 mL amber vials (e.g. VWR 46600-678) 







A. Preparation of 6 M sodium hydroxide solution 
i. Label a clean 250 mL plastic bottle (6 M NaOH in LC-MS Water). 
ii. Record mass of empty 100 mL volumetric flask (no stopper). 
iii. Weigh 24 g of NaOH onto disposable weigh boat using a spatula. Record 
mass. 
iv. Add weighed amount of NaOH into an empty 100 mL volumetric flask. 
Rinse weigh boat with LC-MS water and drain into volumetric flask to 
ensure all NaOH is used. Dilute to volume with LC-MS water. Record 
final mass. After mass is recorded, put stopper on volumetric flask and 
then invert volumetric flask to ensure complete mixing. 
v. Pour contents into labeled plastic bottle. 














B. Preparation of hydrochloric acid solution 
i. Label two clean 40 mL amber vials (one labeled: 37% HCl; the other 
labeled: 6 M HCl in LC-MS Water). 
ii. Pour approximately 30 mL of 37% HCl into a 40 mL amber vial while in 
the fume hood. This will make the HCl easier and safer to work with when 
forming the dilute solution. 
iii. Record mass of empty 25 mL volumetric flask (no stopper). 
iv. Add 14.797 g of 37% HCl into an empty 25 mL volumetric flask using a 
volume pipettor. Perform remaining work for the dilution in the fume 
hood as the solution will get very hot upon the addition of water. Dilute to 
volume with LC-MS water. Record final mass. After mass is recorded, put 
stopper on volumetric flask and then invert volumetric flask to ensure 
complete mixing. 
v. Pour contents into labeled amber bottle. 













C. Preparation of 1 M citric acid monohydrate 
i. Label a clean 125 mL amber bottle (1 M citric acid monohydrate in LC-
MS Water). 
ii. Record mass of empty 100 mL volumetric flask (no stopper). 
iii. Weigh 23.4 g of C6H8O7·H2O onto disposable weigh boat using a spatula. 
Record mass. 
iv. Add weighed amount of C6H8O7·H2O into an empty 100 mL volumetric 
flask. Rinse weigh boat with LC-MS water and drain into volumetric flask 
to ensure all C6H8O7·H2O is used. Dilute to volume with LC-MS water. 
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Record final mass. After mass is recorded, put stopper on volumetric flask 
and then invert volumetric flask to ensure complete mixing. 
v. Pour contents into labeled amber bottle. 













D. Preparation of 1 M sodium citrate dihydrate 
i. Label a clean 125 mL amber bottle (1 M sodium citrate dihydrate in LC-
MS Water). 
ii. Record mass of empty 100 mL volumetric flask (no stopper). 
iii. Weigh 29.4 g of C6H5Na3O7·2H2O onto disposable weigh boat using a 
spatula. Record mass. 
iv. Add weighed amount of C6H5Na3O7·2H2O into an empty 100 mL 
volumetric flask. Rinse weigh boat with LC-MS water and drain into 
volumetric flask to ensure all C6H5Na3O7·2H2O is used. Dilute to volume 
with LC-MS water. Record final mass. After mass is recorded, put stopper 
on volumetric flask and then invert volumetric flask to ensure complete 
mixing. 
v. Pour contents into labeled amber bottle. 













E. Preparation of citrate buffer 
i. Label a clean 250 mL amber bottle (1 M citrate buffer in LC-MS Water). 
ii. Weigh empty amber bottle without cap. Record mass. 
iii. Add 20 mL of 1 M sodium citrate to amber bottle. Record mass. 
iv. Add 80 mL of 1 M citric acid solution to 20 mL of 1 M sodium citrate 
solution. Record final mass. Mix thoroughly. 
v. Measure pH with pH combination electrode. To do this, first calibrate the 
electrode with both pH 7 and pH 4 buffer solutions. Next, pour 
approximately 5 mL of buffer solution into a clear borosilicate glass vial 
and add a magnetic stir bar. Place vial on a magnetic stir place and adjust 
stir speed to approximately 500 that it spins at a moderate place. Fully 
immerse electrode into solution and once steady record the pH. 
vi. If pH is not 3.0±0.1, adjust pH to 3 with the addition of either the 6 M 
NaOH solution (to raise the pH) or the 6 M HCl solution (to lower the 
pH). Measure the pH and continue to add NaOH or HCl as many times as 
needed to obtain a pH value of 3. Record final pH value and label this onto 
the amber bottle. 
 
F. Preparation of 0.3 mg·mL-1 DNPH solution 
i. Label a clean 125 mL amber bottle (0.3 mg·mL-1 DNPH in ACN). 
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ii. Record mass of empty 100 mL volumetric flask (no stopper). 
iii. Weigh 0.035 g of DNPH onto crystallizing dish using a spatula. Record 
mass. 
iv. Add weighed amount of DNPH into an empty 100 mL volumetric flask by 
first wetting it with acetonitrile while still in the crystallizing dish.  
Slowly add the DNPH-acetonitrile mixture to the volumetric flask by 
using a glass funnel. Continue adding acetonitrile to the crystallizing dish 
until the solution in the crystallizing dish is completely clear (the DNPH-
acetonitrile mixture will be bright yellow in color). Continue to dilute to 
volume with acetonitrile in the volumetric flask. Record final mass. After 
mass is recorded, put stopper on volumetric flask and then invert 
volumetric flask to ensure complete mixing. 
v. Pour contents into labeled amber bottle. 
vi. Calculate approximate concentration of solution using Equation (XLII) 
below. Fdry is the dryness factor, which ranges from 0-1.0 (e.g. a Fdry for a 







G. Filtering of aqueous sample 
i. If fresh aqueous samples are available, pipet 3 mL total directly into two 
1.5 mL centrifuge tubes. If using frozen aqueous samples, the sample must 
be completely unfrozen before this analysis can take place.  
ii. Pipet 3 mL of the aqueous sample evenly into two 1.5 mL centrifuge 
tubes. 
iii. Place centrifuge tubes inside the centrifuge in slots directly across from 
one another. Twist the cap back onto the centrifuge and close the lid. 
Note:  the centrifuge will not open unless it is plugged in and switched to 
ON. 
iv. Centrifuge the aqueous sample at 10000 rpm for 5 minutes.  
v. Decant the supernatant liquid from the centrifuge bottle. Draw up aqueous 
sample with a 10 mL plastic syringe and filter through a syringe filter. 
Place the filtered aqueous sample directly into an 8 mL amber vial. 
vi. Record mass of an additional, empty 8 mL amber vial, with cap on. 
vii. Pipet 2.5 mL of the centrifuged aqueous sample into the weighed 8 mL 
amber vial. Record mass. 
 
H. Derivatization 
i. Create a heated water bath. Form the water bath by filling a 150 mL 
beaker with 50 mL of water and placing it on the hot place. Set the hot 
plate to 75°C. 
ii. Add 0.1 mL of the citrate buffer directly to the filtered aqueous sample. 
Record mass. 
iii. Add 0.15 mL of DNPH reagent and seal the container. Record mass. 
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iv. Place the vial in a heated water bath. Keep sample immersed in the water 
bath for 1 hour. Swirl sample vial at least every 15 minutes. 
v. After 1 hour, remove sample from water bath and let sit for at least 45 
minutes without moving. 




A. When handling all chemicals in the lab, wear safety gear (lab coat, gloves, 
goggles, closed toed shoes – see MSDS and lab safety guidelines). 
B. Work with HCl and NaOH in fume hood as they produce heat when they react 
with water. 
 
6. Special precautions 
A. When cleaning glassware for this procedure, do NOT rinse glassware with 
acetone or methanol as the solvent will react with DNPH and contaminate the 
sample. Instead, glassware should be washed with water, followed by acetonitrile 
to minimize these interferences. 
 
7. Additional items to note 
A. The solutions described in Part 4.A-4.F do not need to be made fresh for each 
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